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PREFACE 

This  project  was  carried  out  under  a  Memorandum  of  Understanding  (MoU)  for  Research 
and  Technology  Projects  concluded  between  the  U.S.  Secretary  of  Defense  and  the  German  Min¬ 
istry  of  Defense  in  March  of  1995.  Funding  for  this  project  was  provided  under  the  NATO 
ICR&D  Program  with  matching  funds  from  AEDC  and  DLR.  This  project  furthers  one  of  the 
stated  objectives  of  the  NATO  ICR&D  program  which  is  to  reduce  defense  RDT&E  costs 
throughtechnology  and  facility  sharing  between  the  US  and  its  NATO  allies. 

The  work  reported  herein  was  conducted  by  the  Arnold  Engineering  Development  Center 
(AEDC),  Air  Force  Materiel  Command  (AFMC)  in  cooperation  with  the  German  Aerospace  Cen¬ 
ter,  DLR..  The  AEDC  test  results  were  obtained  by  Jacobs  Sverdrup  AEDC  Group,  contractor  for 
support  testing  at  AEDC,  AFMC,  Arnold  Air  Force  Base,  Tennessee,  under  Job  Numbers  4159 
and  9719.  The  Air  Force  Project  Manager  was  Mr.  Ron  Bishel,  AEDC/DOT.  The  data  analysis 
was  completed  on  September  30,  2001,  and  the  manuscript  was  submitted  for  publication  in 
November  2001. 

L.  L.  Price,  M.  S.  Smith,  C.  W.  Brasier,  F.  L.  Heltsley,  P.  M.  Sherrouse,  K.  M.  Stephens,  W. 
M.  Ruyten,  J.  Martinez-Schramm,  and  Ole  Trinks  contributed  substantially  to  the  work  of  this 
project  and  the  preparation  of  this  report. 
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1.0  EXECUTIVE  SUMMARY 


1.1  BACKGROUND 

Computational  Fluid  Dynamics  (CFD)  codes  are  vital  to  the  future  design  of  hypersonic  flight 
systems,  and  adequate  data  for  code  validation  are  essential  in  the  development  of  the  necessary 
CFD  codes.  This  project  was  a  joint  effort  between  the  Arnold  Engineering  Development  Center 
(AEDC)  and  the  German  Research  Center  (DLR),  both  of  which  have  active  programs  to  develop 
the  facility  and  diagnostic  technologies  needed  to  provide  these  data.  Each  center  has  chosen  an 
advanced  facility  concept  known  as  a  free  piston  shock  tunnel  as  a  test  bed  for  acquiring  the  data. 
Flowever,  there  are  variations  in  each  approach  that  made  a  cooperative  program  of  technology 
development  feasible  and  very  attractive.  The  German  facility,  called  FIEG,  is  one  of  the  largest  in 
the  world,  while  the  AEDC  Impulse  Tunnel  (herein  called  the  AEDC  FPST  for  Free-Piston  Shock 
Tunnel)  will  operate  at  very  high  test  gas  pressure  or  density.  In  addition  to  the  pressure  and  size  dif¬ 
ferences,  the  nonintrusive  diagnostic  (NID)  techniques  employed  in  the  two  facilities  are  somewhat 
different.  Exchanging  diagnostic  systems  provided  information  to  help  determine  if  certain  tech¬ 
niques  have  advantages  over  others.  DLR  and  AEDC  also  use  different  CFD  tools.  The  cooperative 
program  provided  an  opportunity  to  compare  analysis  results  using  the  different  CFD  methods. 

The  HEG  has  been  in  operation  since  1993.  Initial  shakedown  and  calibration  operation  of 
the  FPST  began  in  FY94.  The  joint  program  was  designed  to  complement  the  technology  devel¬ 
opment  required  to  bring  the  FPST  to  its  full  operational  capability.  The  associated  diagnostics 
technology  activity  was  aimed  at  providing  the  systems  with  which  to  acquire  the  data  needed  for 
validation  of  CFD  codes  required  for  the  design  of  hypersonic  vehicles  and  defense  systems. 

The  joint  program  involved  complementary  testing  in  the  AEDC  FPST  and  the  HEG  Tunnel 
in  Germany.  During  these  tests  the  relative  merits  of  the  different  diagnostics  systems  being  used 
in  such  facilities  were  compared. 

1.2  PROGRAM  GOALS 

A  goal  of  the  joint  program  was  the  faster  development  of  the  technologies  needed  to  pro¬ 
vide  the  CFD  tools  that  are  required  to  advance  the  state  of  the  art  in  hypersonics.  The  results 
from  this  program  will  help  to  make  available  on  a  timely  basis  the  experimental  and  computa¬ 
tional  capabilities  needed  by  the  U.  S.  aerospace  industry  to  design  and  produce  the  hypersonic 
flight  systems  of  the  future.  The  cooperative  program  between  AEDC  and  DLR  for  comparative 
research  and  development  testing  at  the  two  free-piston  shock  tunnels  provided  an  opportunity  to 
reduce  the  costs  and  advance  the  timeline  for  acquiring  the  technologies  needed  to  provide  the 
ground  test  capabilities  required  for  the  development  of  these  future  hypersonic  flight  systems. 

Some  specific  objectives  of  this  project  were  to: 

•  Provide  data  for  code  validation 

•  Improve  diagnostics  capabilities  through  sharing  of  different  techniques  and  hardware 
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•  Understand  flow  and  instrumentation  anomalies  in  tree-piston  facilities 

•  Evaluate  flow  quality  in  the  HEG  and  the  AEDC  FPST 

It  is  important  to  note  that  even  though  CFD  code  validation  was  a  major  goal  of  the  program, 
this  goal  could  not  be  achieved  without  the  flow-field  data  obtained  through  the  use  of  nonintrusive 
diagnostics.  Therefore,  the  development  of  the  NID  techniques  necessarily  constituted  a  large  por¬ 
tion  of  this  program.  The  successful  application  of  existing  NID  techniques,  including  the  exten¬ 
sion  and  further  development  of  some,  as  well  as  the  acquisition  of  new  techniques  constitutes  a 
major  portion  of  the  success  of  this  joint  program. 

For  both  partners  the  actual  test  operations  in  the  facilities  had  several  objectives.  The  collec¬ 
tion  of  data  on  the  various  test  article  configurations  was,  of  course,  an  important  goal.  Experimental 
measurements  of  the  surface  parameters  on  the  spherically  blunt  cone  and  the  flow  field  around  the 
cone  have  application  in  the  design  of  that  class  of  hypersonic  flight  systems.  As  mentioned  previ¬ 
ously,  the  broadening  of  the  database  for  hypersonic  code  validation  was  a  primary  reason  for  the 
initiation  of  this  project.  Of  equal  importance  was  the  further  development  of  the  nonintrusive  diag¬ 
nostics  techniques.  While  the  initial  work  on  such  systems  can  be  done  in  the  laboratory,  the  final 
proof  of  the  applicability  and  utility  of  any  of  these  techniques  must  come  from  demonstrations  in  an 
actual  test  facility.  For  AEDC  there  was  a  further  goal  of  gaining  increased  experience  in  the  opera¬ 
tion  of  the  AEDC  FPST  and  improving  its  hardware  and  operating  procedures. 

1.3  PROGRAM  ACTIVITIES 

To  accomplish  the  goals  and  objectives  described  above,  the  following  activities  were 
performed: 

•  Test  programs  in  the  HEG  and  the  AEDC  FPST  at  complementary  test  conditions  with 
similar  test  article  configurations 

•  Cooperative  data  analysis 

•  Parallel  CFD  analyses  to  support  the  experiments 

•  Joint  preparation  of  summary  documentation  of  the  activities  and  findings  for  the  project 

The  test  program  in  the  HEG  produced  data  on  two  configurations;  a  spherically  blunt  slen¬ 
der  cone  (designated  Electre)  and  a  shock  wave/boundary-layer  interaction  configuration.  The 
original  intent  of  the  project  was  to  test  the  same  configurations  in  the  AEDC  FPST.  However, 
operational  problems  (discussed  in  detail  elsewhere  in  this  report)  limited  the  AEDC  test  pro¬ 
gram  to  the  Electre  model  only. 

The  test  program  in  the  AEDC  FPST  began  with  a  short  calibration  phase.  It  was  deemed 
prudent  to  include  these  tests  because  the  facility  had  not  been  operated  as  an  FPST  for  some 
time.  In  the  interim,  the  configuration  had  been  changed  to  an  impact  facility,  an  impact  test 
program  had  been  conducted,  and  the  configuration  had  been  changed  back  to  the  FPST.  Four 
calibration  runs  were  made  to  verify  that  the  facility  was  functioning  properly.  The  results  of 
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these  tests  indicated  that  the  facility  operation  and  the  test  conditions  produced  were  as  seen  dur¬ 
ing  the  initial  calibration  tests. 

1.4  NONINTRUSIVE  DIAGNOSTICS 

The  high  enthalpy  and  short  test  times  of  the  FPST  present  a  stiff  challenge  in  making  the 
desired  measurements  of  freestream  and  model  flow-field  and  surface  conditions.  Laser-based  non- 
intrusive  diagnostics  techniques  offer  the  potential  for  obtaining  the  needed  data,  and  a  number  of 
these  techniques  have  been  under  development  for  many  years.  The  nonintrusive  diagnostics  tech¬ 
niques  that  were  used  in  various  ways  in  this  project  included  laser  beam  transmission,  planar  Mie 
scattering,  witness  plates,  emission  spectroscopy  (ES),  laser  diode  absorption  (LDA),  filtered  Ray¬ 
leigh  scattering,  pulsed  electron  beam  fluorescence  (PEBF),  high-speed  flow  visualization  (F1SFV), 
and  planar,  laser-induced  fluorescence  (PLIF).  Because  these  techniques  are  in  varying  stages  of 
development,  the  application  and  results  were  different  for  each  technique  and  for  the  two  facilities. 
Detailed  discussions  of  the  nonintrusive  diagnostics  work  are  included  in  the  body  of  this  report.  As 
a  general  summary,  this  area  of  activity  (NID)  was  probably  the  most  productive  of  the  entire  coop¬ 
erative  program.  Both  partners  were  able  to  develop  and  use  diagnostics  systems  that  had  not  been 
available  to  them  previously.  This  provided  data  and  understanding  of  real  gas  flow  physics  that 
would  not  have  been  possible  without  the  cooperative  work.  The  results  in  the  diagnostics  area 
alone  have  more  than  justified  the  costs  and  efforts  involved  in  establishing  and  maintaining  this 
cooperative  program. 

1.5  COMPUTATIONAL  FLUID  DYNAMICS 

A  primary  use  of  tree-piston  shock  tunnels  is  to  obtain  data  that  can  be  used  to  validate  CFD 
codes  for  application  to  high-energy  flows.  Such  codes  will  be  required  in  the  design  and  devel¬ 
opment  of  high  Mach  number  flight  systems,  since  the  flight  conditions  for  such  systems  often 
exceed  the  capability  of  ground  test  facilities.  The  successful  development  of  such  flight  systems 
requires  that  advanced  CFD  codes  be  used  in  conjunction  with  the  limited  ground  test  data.  The 
development  and  validation  of  these  codes  is  thus  the  key  to  future  procurement  of  advanced  high 
Mach  number  flight  vehicles.  Data  and  code  comparisons  from  the  AEDC  FPST  and  the  DLR 
FIEG  have  been  reported  in  a  number  of  publications.  Flowever,  sharing  test  information  from  the 
F1EG  and  the  AEDC  FPST  provided  DLR  and  AEDC  with  a  larger  database  for  use  in  evaluating 
and  validating  CFD  codes.  The  cooperation  also  allowed  for  comparing  the  results  from  the  dif¬ 
ferent  codes  used  by  each  institution. 

A  number  of  advanced  CFD  codes  were  employed  in  the  course  of  this  program.  One  of  the 
principal  CFD  codes  that  has  been  used  in  the  analysis  of  data  from  the  AEDC  FPST  is  the  three- 
dimensional,  thin-layer  Navier-Stokes  code,  TUFF,  developed  at  NASA  Ames.  This  code  solves 
the  strongly  coupled  species  conservation  equations  and  fluid  dynamic  equations  in  a  finite-volume 
framework.  A  sophisticated  nonequilibrium  radiation  solver,  NEQAIR,  was  also  used.  Several  CFD 
flow-solver  codes  were  used.  GASP  is  a  three-dimensional,  finite-volume  flow  solver  that  contains 
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options  for  the  Roe  or  van  Leer  upwind  schemes.  GASP  solves  the  integral  form  of  the  fluid 
dynamic  equations,  including  the  full  Reynolds-averaged  Navier- Stokes,  thin-layer,  parabolized  or 
Euler  equations.  GASP  contains  a  generalized  chemistry  model  as  well  as  a  two-temperature  model. 
Another  code  that  was  used  was  NEDANA,  which  employs  a  three-dimensional,  locally  implicit 
algorithm  for  the  solution  of  the  thin-layer  Navier-Stokes  equations  expanded  for  thermochemical 
nonequilibrium.  The  numerical  flux  function  is  based  on  the  central-difference,  flux-limited,  artifi¬ 
cial  dissipation  model  of  Jameson.  The  scheme  combines  the  simplicity  of  artificial  dissipation  with 
the  total  variation  diminishing  property.  The  flow  solver  employs  the  AEDC-developed  chemistry 
package  NEQPAK.  GPACT  is  a  computer  program  currently  under  development  that  has  been 
applied  towards  simulating  propulsion-generated  flow-field  phenomena.  These  simulations  treated 
fully  coupled  three-dimensional  flows  with  finite-rate  chemistry.  The  CEVCATS-N  code  used  at 
EIEG  solves  the  full  Navier-Stokes  equations  in  integral  form  for  mixtures  of  perfect  and  reacting 
gases.  Thermochemical  equilibrium  and  nonequilibrium  are  solved  with  a  numerical  scheme  con¬ 
sisting  of  hybrid  upwind  flux  vector  splitting  and  use  of  a  five-stage  Runge-Kutta  scheme  for  time 
integration.  Local  time  stepping,  implicit  residual  averaging,  and  full  multigrid  are  used  to  acceler¬ 
ate  the  convergence  process.  Viscosity  is  computed  with  Sutherland’s  formula  for  perfect  gases  and 
with  Blottner  curve  fits  for  reacting  gases.  The  chemical  model  contains  (but  is  not  restricted  to) 
five  species.  Boundary  conditions  on  the  wall  allow  different  temperatures  (adiabatic,  prescribed, 
equilibrium).  The  influence  of  catalytic  effects  can  also  be  included.  Several  tools  are  used  for  gen¬ 
eration  of  the  structured  grids.  The  computational  performance  on  a  NEC  SX4/4  (single  processor) 
is  about  1.1  GFLOPS. 

All  of  these  codes  are  discussed  in  some  detail  in  the  body  of  this  report,  and  their  use  in  the 
program  is  described.  Results  of  data  comparisons  with  the  various  codes  are  also  presented. 

1.6  ACHIEVEMENTS  AND  RECOMMENDATIONS 

This  project  has  allowed  AEDC  and  DLR  to  exercise  their  CFD  capabilities  in  the  hyperson- 
ics  arena  and,  in  addition,  develop  new  capabilities.  It  was  also  an  opportunity  to  acquire  new 
data  for  code  validation,  as  well  as  an  opportunity  to  reexamine  existing  data.  The  exchange  of 
raw  data  and  reduced  data  allowed  for  the  validation  of  data  reduction  techniques.  This  was  espe¬ 
cially  valuable  in  the  case  of  heat  transfer,  which  involves  considerable  calculation.  It  was  found 
that  the  AEDC  and  DLR  methods  agreed  well,  but  it  is  noted  that  the  DLR  “indirect”  method  cap¬ 
tured  the  details  without  the  artificial  smoothing  required  by  the  AEDC  “direct”  method. 

AEDC  acquired  new  CFD  capabilities  in  the  course  of  this  effort,  including  the  NEQAIR 
code,  which  was  installed  at  AEDC.  In  the  course  of  this  effort  AEDC  personnel  gained  valuable 
experience  in  the  use  and  development  of  two-temperature  flow  codes. 

An  ambitious,  but  successful,  NID  program  was  executed  at  the  AEDC  Impulse  Facility  as 
well  as  at  the  DLR  HEG.  All  NID  techniques  pursued  for  application  gave  useful  results  with  the 
exception  of  the  PEBF  technique,  which,  because  of  time  and  resource  constraints,  did  not 
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progress  past  the  laboratory  development  stage.  No  FPST-related  operational  problems  were 
encountered,  with  the  possible  exceptions  of  boundary-layer  and  recirculation  effects  on  LDA 
measurements  and  potential  copper  absoiption  effects  on  HSFV  for  some  conditions.  At  the  DLR 
FIEG  the  copper  absorption  effect  was  significant,  but  the  use  of  a  dye  laser  pumped  by  the  cop¬ 
per  vapor  laser  was  successful  at  circumventing  the  absoiption  problem  for  FISFV. 

It  was  determined  that,  in  the  AEDC  facility,  flow  is  established  within  0.67  msec  from  the 
shock  tube  gage  (ST6)  trigger  pulse,  and  that  a  nominal  run  time  of  2.5  msec  free  from  driver  gas 
effects  is  available  for  nozzle  stagnation  pressures  of  less  than  1000  atmospheres.  Facility  flow 
appears  optically  thick  as  a  result  of  particulate  scattering  for  nozzle  stagnation  pressures  greater 
than  1000  atmospheres. 

It  is  clear  from  the  wide  range  of  computational  predictions  of  freestream  properties  and  the 
lack  of  agreement  of  PLIF-NO  measurements  with  any  of  the  predictions,  that  considerable  work 
is  required  on  CFD  physics  models,  along  with  a  thorough  investigation  of  the  current  PLIF-NO 
methodology.  Analysis  methods  using  both  the  laboratory  shock  tube/tunnel  and  the  newly- 
acquired  high-temperature  calibration  cell  are  also  required.  Future  application  of  LDA  requires 
the  use  of  airtight  tubes  extending  into  the  boundary  layer  to  eliminate  boundary-layer  and  recir¬ 
culation  effects.  It  is  also  recommended  that  the  LDA  technique  be  extended  to  yield  information 
on  flow  velocity.  As  the  question  of  vibrational  nonequilibrium  has  not  been  resolved,  it  is  recom¬ 
mended  that  the  PEBF  technique  be  developed  further,  because  it  can  readily  give  information  on 
vibrational  temperature  for  a  number  of  species  simultaneously.  Furthermore,  the  PEBF  tech¬ 
nique  potentially  can  provide  quantitative  information  on  the  amount  of  helium  contaminating  the 
test  gas. 

As  a  result  of  this  international  cooperative  program,  NID  capability  for  high-enthalpy  facili¬ 
ties  has  been  greatly  enhanced.  The  HSFV  system  is  now  available  for  applications  to  hypersonic 
air-breathing  propulsion,  aero-optics,  jet  interaction,  and  ballistic  range  testing.  Indeed,  the  associ¬ 
ation  established  during  this  program  with  North  Dancer  Laboratories,  Inc.  with  regard  to 
advancements  in  high-speed  holographic  recording  has  placed  AEDC  on  the  leading  edge  of  high¬ 
speed  visualization  capability.  The  LDA  system  methodology  has  already  been  advanced  for  use 
with  absorption  by  CL,  H20,  and  K,  and  applications  in  turbine  engine  and  hypersonic  air-breath¬ 
ing  propulsion  testing  as  well  as  aerodynamic  testing  are  forthcoming.  Although  applications  of 
the  PEBF  system  were  not  achieved,  the  capability  of  the  system  was  greatly  advanced,  and  it  will 
likely  become  an  outstanding  diagnostic  tool  for  the  high  Mach  number  conditions  of  AEDC’s 
Tunnel  9. 

This  international  program  has  promoted  the  development  of  excellent  working  relation¬ 
ships  among  the  engineers  at  DLR  HEG  and  AEDC.  These  relationships  were  expanded  to 
encompass  the  international  hypersonics  ground  testing  community  through  participation  in 
workshops  and  symposia.  The  successes  of  this  program  have  encouraged  the  participants  to  seek 
other  avenues  for  extending  the  cooperation  into  other  technical  areas. 
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2.0  INTRODUCTION 

In  the  second  half  of  the  20th  century  much  work  has  gone  into  research  on  and  development 
of  hypersonic  flight  systems,  and  many  such  systems  have  been  successfully  flown.  A  recent  and 
ongoing  example  is  the  U.S.  Space  Shuttle.  These  development  programs  have  been  plagued  with 
the  problem  of  obtaining,  through  ground  test  or  computational  simulation,  adequate  (both  in  terms 
of  quantity  and  quality)  data  on  the  performance  of  the  systems  and  subsystems  involved.  This 
problem  arises  because  of  the  difficulty  of  reproducing  in  ground  test  facilities  the  actual  condi¬ 
tions  of  hypersonic  flight.  This  difficulty  is  attributable  to  the  very  high  energies  represented  by 
flight  at  hypersonic  Mach  numbers.  The  translation  of  these  high  energies  to  test  conditions  in  a 
conventional  wind  tunnel  is  illustrated  in  Fig.  1.  Flight  velocity  in  thousands  of  feet  per  second  is 
representative  of  the  Mach  number.  As  the  figure  shows,  the  required  tunnel  reservoir  pressures 
and  temperatures  are  extreme  for  Mach  numbers  greater  than  about  6.  Such  pressures  and  temper¬ 
atures  are  difficult  to  produce  and  nearly  impossible  to  contain  in  a  conventional  wind  tunnel. 

Because  of  the  problems  associated  with  ground  testing  of  hypersonic  systems,  the  design  of 
future  hypersonic  flight  systems  will  rely  heavily  on  the  use  of  CFD.  A  critical  step  in  the  devel¬ 
opment  of  the  required  CFD  codes  is  the  acquisition  of  experimental  data  for  validation  of  the 
codes.  Detailed  information  about  a  variety  of  parameters  in  the  flow  field  around  a  hypersonic 
vehicle  is  required  to  validate  the  codes.  To  minimize  extrapolation  of  the  validated  code  results  it 
is  important  to  acquire  the  validation  data  at  conditions  as  near  as  possible  to  the  actual  flight  con¬ 
ditions.  To  accomplish  this  and  obtain  the  needed  data  will  require  significant  advances  in  the 
capabilities  of  ground  test  facilities  and  the  associated  diagnostics  techniques. 

An  approach  to  producing  the  tunnel  conditions  required  to  obtain  test  data  at  hypersonic 
speeds  and  provide  some  of  the  information  needed  to  develop  CFD  codes  has  been  the  use  of  so- 
called  “impulse  facilities.”  Such  facilities  typically  use  shock  waves  to  process  the  test  gas  and 
produce  the  pressure  and  temperature  conditions  needed.  They  vary  somewhat  in  the  technique 
used  to  generate  the  shock  waves.  A  concept  pioneered  by  Stalker  in  the  1960s  (Ref.  1)  is  the 
ffee-piston  shock  tunnel  (FPST).  The  basic  concept  of  the  FPST  is  shown  in  Fig.  2.  Flere,  a  pis¬ 
ton  is  driven  into  and  compresses  a  driver  gas  to  very  high  pressure  and  temperature.  This  gas 
bursts  a  diaphragm  and  thereby  generates  a  shock  wave  that  propagates  through  and  processes  the 
test  gas  to  produce  the  desired  high-pressure  and  high-temperature  nozzle  reservoir  conditions. 
Further  details  of  the  operation  of  an  FPST  are  given  below. 

A  relatively  small  number  of  FPST  facilities  have  been  built.  Stalker  and  associates  at  the 
University  of  Queensland  and  the  Australian  National  University  built  Tunnels  T1  to  T4.  In  1990 
Tunnel  T5  went  into  operation  (Ref.  2)  at  the  California  Institute  of  Technology,  in  Pasadena.  In 
1991  what  was  then  the  largest  FPST  in  the  world  was  put  into  operation  by  the  German  Aero¬ 
space  Center  (DLR)  at  the  DLR  Institute  of  Fluid  Mechanics  in  Gottingen,  Germany  (Ref.  3).  The 
Arnold  Engineering  Development  Center  (AEDC),  in  the  course  of  a  major  upgrade  to  its  Ballis¬ 
tic  Range  facilities,  added  an  FPST  to  that  facility  complex.  Initial  calibration  of  the  AEDC  FPST 
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(Ref.  4)  was  accomplished  in  1993.  The  latest  addition  to  the  world's  complement  of  free-piston 
shock  tunnels  is  the  High  Enthalpy  Shock  Tunnel  (HIEST)  at  the  Kakuda  Research  Center  of  the 
Japanese  National  Aerospace  Laboratory.  This  is  now  the  largest  FPST  in  the  world  (Ref.  5).  Its 
primary  purpose  is  the  testing  of  supersonic  combustion  ramjet  engines.  There  is  also  a  smaller 
facility,  called  HEK,  at  Kakuda,  that  was  the  pilot  facility  for  HIEST.  The  French  have  the  TCM2 
facility  at  Marseille.  In  recent  years,  a  few  small  research-scale  tunnels  have  been  built  at  several 
universities,  notably  in  Japan. 

As  noted  above,  FPST  facilities  are  designed  to  produce  very  high-energy  test  conditions. 
Producing  and  controlling  such  conditions  leads  to  some  very  difficult  engineering  problems.  In 
the  effort  to  reach  the  most  extreme  conditions  possible,  the  facilities  are  subjected  to  very  high 
stresses  during  operation.  This  can  often  lead  to  serious  facility  damage.  Preventing  such  occur¬ 
rences  and  successfully  solving  the  engineering  problems  can  require  extensive  and  expensive 
research  and  technology  programs.  However,  development  of  the  required  diagnostics  systems  is 
a  completely  different  (but  also  extensive  and  expensive)  task.  Many  of  these  systems  are  laser- 
based  and  can  be  tedious  to  install  and  operate.  Analysis  of  the  spectral  data  acquired  by  these 
systems  is  complicated.  The  CFD  codes  needed  to  analyze,  correlate,  and  extrapolate  the  data  are 
complex  and  require  large  computer  capabilities.  Clearly  the  complete  task  of  assembling  the 
facility  hardware,  the  diagnostics,  and  the  CFD  is  a  daunting  undertaking.  Thus  any  facility  tech¬ 
nology  group  that  is  attempting  to  develop  a  complete  FPST  capability  would  be  expected  to  be 
open  to  the  possibility  of  a  cooperative  effort  with  a  like-minded  group  elsewhere. 

As  can  be  deduced  from  the  brevity  of  the  above  list  of  FPST  facilities  that  exist  worldwide, 
the  community  of  test  centers  involved  in  the  operation  of  these  facilities  is  small.  As  a  conse¬ 
quence,  there  is  a  relatively  high  level  of  communication  between  the  centers,  with  sharing  of 
information  and  discussion  of  problems.  The  AEDC  group  was  therefore  aware  of  the  status  of 
the  other  facilities.  With  knowledge  of  the  NATO  International  Cooperative  Research  and  Devel¬ 
opment  (ICR&D)  Program  administered  by  the  U.S.  Department  of  Defense,  AEDC  could  assess 
potential  partnerships  in  light  of  the  objectives  and  requirements  of  the  ICR&D  program.  It  was 
easy  to  see  that  there  was  a  very  good  opportunity  for  establishing  a  program  of  formal  coopera¬ 
tion  between  the  DLR  and  AEDC. 

3.0  THE  COOPERATIVE  PROGRAM 

This  cooperation  arose  out  of  the  long-standing  Data  Exchange  Agreement  (DEA)  7425, 
Wind  Tunnel  Test  Techniques  and  Design,  between  the  U.S.  and  German  governments.  Whereas 
the  DEA  involves  a  regular  exchange  of  information,  it  was  thought  that  a  closer  collaborative 
effort  involving  work  sharing  in  the  further  development  and  use  of  the  two  high  enthalpy  shock 
tunnels,  AEDC  FPST  and  HEG,  would  be  mutually  most  beneficial. 

Initial  discussions  began  in  1994  between  AEDC  and  DLR  on  the  possibility  of  a  joint  program 
related  to  FPST  research.  Through  several  exchanges  of  letters  it  was  agreed  that  the  potential  coop- 
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eration  offered  a  number  of  benefits  to  both  parties.  Whereas  AEDC  had  just  completed  initial 
shakedown  of  an  FPST,  the  DLR  had  been  operating  an  FPST,  known  as  the  Fligh  Enthalpy  Shock 
Tunnel  Gottingen  (F1EG),  for  several  years.  The  DFR  therefore  brought  extensive  experience  in  the 
operation  of  such  facilities.  AEDC  had  for  many  years  maintained  a  significant  effort  in  the  devel¬ 
opment  of  nonintrusive  diagnostic  systems,  and  both  parties  had  good  capabilities  in  CFD.  In 
September  of  1 994,  a  team  from  AEDC  met  with  DLR  personnel  in  Gottingen,  Germany  to  discuss 
the  technical  issues  involved  in  such  a  cooperative  project.  Specific  engineering  activities  for  a  coop¬ 
erative  program  were  identified,  and  a  proposed  schedule  for  the  work  was  developed.  AEDC  then 
initiated  the  process  of  establishing  a  formal  cooperative  agreement. 

It  was  determined  that  establishing  a  project  under  the  NATO  ICR&D  Program  was  the  best 
procedure  for  creating  a  cooperative  activity  between  AEDC  and  the  DLR.  This  program  was 
established  by  the  U.S.  Congress  to  provide  an  avenue  for  cooperation  between  the  U.S.  and  its 
Allies.  One  of  the  stated  purposes  of  the  program  is  to  reduce  defense  RDT&E  costs  through 
technology  and  facility  sharing.  To  initiate  the  process  of  establishing  such  a  program,  AEDC 
prepared  a  Project  Nomination  Proposal  (PNP).  This  document  addresses  several  key  questions 
about  the  utility  and  viability  of  a  proposed  cooperative  project.  These  include  the  commitment  of 
the  proposed  partners,  the  anticipated  benefits  to  the  participants,  the  existence  of  an  interna¬ 
tional  agreement  under  which  the  project  could  function,  the  advantages  and  disadvantages  of  a 
cooperative  effort,  and  the  impact  on  the  U.S.  defense  industrial  base.  The  PNP  was  approved  for 
ICR&D  program  funding,  and  AEDC,  in  cooperation  with  HQ  AFMC/STI,  prepared  the  neces¬ 
sary  documentation.  This  included  a  Summary  Statement  of  Intent  (SSOI),  Project  Agreement 
(PA),  and  a  Data  Disclosure  Letter  (DDL).  The  SSOI  extended  the  PNP  to  provide  more  detailed 
information  about  various  aspects  of  the  project.  These  included  operational  requirements,  project 
objectives,  legal  authority,  project  organization  and  management  structure,  benefits/risks  to  the 
U.S.,  funding  issues,  and  a  proposed  schedule  of  activities.  The  PA  provided  more  detail  about 
the  scope,  task  sharing  and  breakdown,  and  schedule  of  work.  Items  such  as  loan  of  equipment 
were  also  addressed  in  the  PA.  In  March  1 995  the  Memorandum  of  Understanding  (MoU)  for 
Research  and  Technology  Projects  was  concluded  between  the  U.S.  Secretary  of  Defense  and  the 
German  Ministry  of  Defense.  The  FPST  PA  was  submitted  under  this  MoU,  and  after  some  nego¬ 
tiation  the  PA  was  approved  in  April  1997.  A  copy  of  the  PA  is  included  as  Appendix  1.  Initial 
funding  was  received  at  AEDC  in  June  1997,  and  AEDC  Job  Number  4159  was  established  to 
carry  out  the  cooperative  work. 

The  joint  program  involved  complementary  testing  in  the  FPST  at  AEDC  and  the  HEG  in 
the  DLR  Germany.  During  these  tests  the  relative  merits  of  different  diagnostics  systems  being 
used  in  such  facilities  were  compared.  The  issues  involved  here  are  critical  to  the  validation  of  the 
computer  codes  that  will  be  required  for  the  design  of  future  hypersonic  flight  systems. 

A  goal  of  the  joint  program  was  the  faster  development  of  technologies  needed  to  provide 
the  CFD  tools  that  are  required  to  advance  the  state  of  the  art  in  hypersonics.  The  results  from  this 
program  will  help  to  make  available  on  a  timely  basis  the  experimental  and  computational  capa- 
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bilities  needed  by  the  U.  S.  aerospace  industry  to  design  and  produce  the  hypersonic  flight  sys¬ 
tems  of  the  future.  The  cooperative  program  between  AEDC  and  DLR  for  comparative  research 
and  development  testing  at  the  two  ffee-piston  shock  tunnels  provided  an  excellent  opportunity  to 
leverage  the  resources  of  the  two  institutions.  The  end  result  will  be  a  reduction  in  costs  and  an 
advance  in  the  timeline  for  acquiring  the  technologies  needed  to  provide  the  ground  test  capabili¬ 
ties  required  for  the  development  of  future  hypersonic  flight  systems.  Some  specific  objectives  of 
the  project  were  to: 

1)  Provide  data  for  code  validation; 

2)  Improve  diagnostics  capabilities  through  sharing  of  different  techniques  and  hardware; 

3)  Understand  flow  and  instrumentation  anomalies  in  free-piston  facilities; 

4)  Evaluate  flow  quality  in  the  HEG  and  the  AEDC  FPST. 

Activities  to  accomplish  these  objectives  included: 

1)  Test  programs  in  the  HEG  and  the  AEDC  FPST  at  complementary  test  conditions  with 
similar  test  article  configurations; 

2)  Cooperative  data  acquisition  and  analysis; 

3)  Parallel  CFD  analyses  to  support  the  experiments; 

4)  Joint  summary  documentation  of  the  activities  and  findings  for  the  project. 

4.0  FACILITY  OPERATIONS 

For  both  partners  the  test  operations  had  several  objectives.  The  collection  of  data  on  the  var¬ 
ious  test  article  configurations  was  of  course  an  important  goal.  Experimental  measurements  of 
the  surface  parameters  on  the  spherically  blunt  cone  and  the  flow  field  around  the  cone  have 
application  in  the  design  of  that  class  of  hypersonic  flight  systems.  And  as  mentioned  previously, 
the  broadening  of  the  database  for  hypersonic  code  validation  was  a  primary  reason  for  the  initia¬ 
tion  of  this  project.  Of  equal  importance  was  the  further  development  of  the  nonintrusive  diagnos¬ 
tics  techniques.  While  the  initial  work  on  such  systems  can  be  done  in  the  laboratory,  the  final 
proof  of  the  applicability  and  utility  of  any  of  these  techniques  must  come  from  demonstrations  in 
an  actual  test  facility.  For  AEDC  there  was  a  further  goal  of  gaining  increased  experience  in  the 
operation  of  the  FPST  and  improving  the  hardware  and  operating  procedures. 

4.1  THE  FREE-PISTON  SHOCK  TUNNEL 

4.1.1  Free-Piston  Shock  Tunnel  Description 

Referring  again  to  Fig.  2,  the  designation  "free-piston"  shock  tunnel  arises  from  the  fact  that 
the  driver  of  the  shock  tunnel  is  exactly  that:  a  piston  that  slides  freely  within  a  tube.  The  motion 
of  the  piston  is  dictated  by  the  pressure  difference  between  the  front  and  rear  faces.  At  the  start  of 
a  run,  the  piston  is  at  rest  at  the  upstream  end  of  the  driver  tube.  Downstream  of  the  piston,  the 
driver  tube  is  charged  with  a  light  gas,  typically  helium,  at  a  relatively  low  pressure.  (In  the  case 
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of  the  AEDC  FPST,  this  pressure  is  3  to  7  atm.  All  subsequent  numerical  values  in  this  paragraph 
apply  to  this  facility.)  A  heavy  metal  diaphragm  separates  the  driver  tube  and  the  shock  tube.  The 
shock  tube  is  filled  with  the  test  gas,  usually  air,  at  a  pressure  of  0.3  to  1.5  atm.  The  shock  tube  is 
separated  from  the  nozzle  by  a  second  diaphragm,  which  is  typically  a  very  thin  and  light  mate¬ 
rial,  since  it  is  only  required  to  hold  the  relatively  low  shock  tube  charge  pressure.  The  nozzle  and 
test  section  are  evacuated  to  a  very  low  pressure  to  facilitate  the  starting  process  in  the  nozzle.  To 
initiate  a  run,  pressure  is  applied  to  the  rear  face  of  the  piston.  This  is  usually  done  by  allowing 
gas  from  a  high-pressure  reservoir  to  enter  the  driver  tube.  In  the  case  of  the  AEDC  FPST  an 
explosion  of  gunpowder  provides  the  piston-driving  pressure.  The  piston  travels  at  high  velocity 
(240  to  500  m/sec)  down  the  driver  tube,  compressing  the  helium.  When  the  helium  pressure 
reaches  a  certain  level  (which  is  a  function  of  the  thickness  and  design  of  the  diaphragm)  the  dia¬ 
phragm  ruptures,  and  a  strong  shock  wave  is  initiated  in  the  shock  tube.  This  wave  travels 
through  the  test  gas  at  speeds  of  4000  m/sec  or  higher.  This  strong  shock  wave  creates  a  region  of 
higher  pressure  and  temperature  gas  behind  it.  When  the  wave  reaches  the  end  of  the  tube,  it  is 
reflected,  at  the  same  time  rupturing  the  secondary  diaphragm,  and  starts  back  through  the  shock 
tube  in  the  other  direction.  Thus  it  processes  the  test  gas  a  second  time,  causing  a  further  increase 
in  the  temperature  and  pressure.  Pressure  and  temperature  in  the  resulting  region  of  doubly  pro¬ 
cessed  test  gas  can  easily  approach  2000  atm  and  10,000K.  This  hot,  high-pressure  slug  of  gas 
serves  as  the  reservoir  to  supply  the  wind  tunnel  nozzle.  The  gas  expands  through  the  nozzle  into 
the  test  section  and  flows  over  the  test  article.  The  FPST  technique  produces  the  high  enthalpy 
flows  needed  to  represent  flight  at  high  Mach  numbers.  One  drawback  to  the  use  of  the  FPST 
facility  is  that  the  test  times  are  typically  just  a  few  milliseconds.  This  imposes  some  limitations 
on  the  utility  of  the  FPST  in  areas  such  as  the  operability  of  an  engine  system.  A  few  millisec¬ 
onds  is  sufficient  time,  however,  for  fundamental  research  in  flow-field  physics.  The  FPST  has 
thus  become  an  important  tool  in  the  study  of  high-enthalpy  flows. 

The  AEDC  FPST  differs  from  other  such  facilities  around  the  world  in  two  respects.  It  has  a 
powder  chamber  at  the  upstream  end  of  the  driver  tube,  where  the  explosive  force  to  drive  the  pis¬ 
ton  is  produced.  It  also  has  a  tapered  high-pressure  section  at  the  downstream  end  of  the  driver 
tube,  where  the  piston  comes  to  rest  after  impact.  All  other  such  facilities  use  a  high-pressure  gas 
to  drive  the  piston,  and  the  piston  trajectory  is  controlled  so  that  it  stops  by  gently  impacting  the 
downstream  end  of  the  driver  tube.  From  the  primary  diaphragm  on  downstream  the  AEDC  FPST 
is  schematically  the  same  as  all  other  such  facilities. 

The  layout  of  the  AEDC  FPST  is  shown  in  Fig.  3.  The  shock  tube  internal  diameter  is  7.62 
cm.  The  conical  nozzle  has  an  8-deg  half  angle  and  an  exit  diameter  of  45.72  cm.  Details  of  the 
test  section  area  are  shown  in  Fig.  4. 

Because  of  the  high  energies  involved,  free-piston  shock  tunnels  experience  some  difficulty 
with  particles  in  the  flow.  These  can  be  produced  by  erosion  of  the  shock  tube  walls,  particularly 
at  the  downstream  end,  as  a  result  of  the  high  pressures  and  temperatures  generated.  Also,  the 
high-pressure  diaphragm  has  a  tendency  to  shed  small  particles  (and  sometimes  large  ones)  when 
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it  tears  open.  In  one  of  the  first  technology  exchanges  in  the  cooperative  project,  DLR  provided 
AEDC  with  a  design  concept,  evolved  over  several  years  of  experimentation,  for  a  particle  stop¬ 
per  to  be  placed  at  the  downstream  end  of  the  shock  tube.  This  device,  shown  in  Fig.  5,  prevents 
the  larger  particles  generated  in  the  diaphragm  section  or  the  shock  tube  from  passing  through  the 
nozzle  throat.  This  reduces  potential  damage  to  the  throat,  which  is  typically  made  of  expensive 
material  to  withstand  the  severe  heat  and  pressure  loads.  It  also  gives  some  protection  to  the 
model  installed  in  the  test  section.  It  will  not  stop  all  particles  immediately,  since  some  with  very 
small  mass  may  blow  around  it  and  get  into  the  test  section.  However,  the  ability  to  stop  larger 
particles  has  been  demonstrated.  On  the  first  run  in  the  AEDC  FPST  following  installation  of  the 
stopper,  a  relatively  large  (about  25-mm  square)  piece  of  metal  shim  tore  loose  from  the  dia¬ 
phragm  section  and  impacted  the  stopper.  Without  the  stopper  in  place  there  would  have  been 
extensive  damage  to  the  expensive  throat  block. 

4.1.2  Free-Piston  Shock  Tunnel  Operation 

The  AEDC  FPST  was  designed  to  operate  in  the  mode  of  a  two-stage  light-gas  gun,  in  which 
the  piston  is  sacrificed  on  each  shot  by  allowing  it  to  impact  the  high-pressure  section.  This 
choice  was  made  with  the  background  of  30  years’  experience  in  the  operation  of  light-gas  guns 
at  AEDC.  This  choice  was  also  dictated  by  the  desire  to  provide  a  dual-mode  facility:  an  FPST 
and  a  light-gas  gun  hypervelocity  impact  ballistics  range.  The  FPST  shock  tube,  nozzle,  and  test 
section  can  be  removed  and  replaced  with  the  launcher  of  a  light-gas  gun.  In  this  mode  the  facil¬ 
ity  is  used  for  impact  testing,  which  is  an  important  part  of  the  gun  range  test  work  at  AEDC. 
From  the  powder  chamber  through  the  high-pressure  section,  the  components  are  common 
between  the  FPST  and  the  impact  facility. 

A  general  problem  in  the  operation  of  a  free-piston  shock  tunnel  is  the  control  of  the  piston 
travel.  If  the  piston  energy  is  too  low,  it  will  be  travelling  too  slowly  at  the  end  of  its  flight  and 
the  pressure  buildup  at  the  end  of  the  driver  tube  can  cause  the  piston  to  rebound.  The  result  will 
be  less  than  optimum  test  conditions  in  the  shock  tube.  If  the  piston  is  traveling  too  fast,  it  will  not 
stop  properly  at  the  end  of  the  driver.  For  all  such  facilities  except  the  AEDC  FPST,  the  impact  of 
the  piston  at  the  end  wall  of  the  driver  can  result  in  serious  damage  to  the  piston  or  the  driver  tube 
or  both.  The  AEDC  FPST  piston  is  made  with  a  plastic  outer  shell  around  an  inner  metal  one  to 
provide  the  required  mass.  The  operation  of  the  facility  is  designed  such  that  the  shell  is  destroyed 
on  each  run  by  impact  with  the  high-pressure  section. 

During  the  initial  operation  of  the  AEDC  FPST,  the  heavy  internal  mass  of  the  piston  was 
made  of  lead.  The  lead  was  much  softer  than  the  steel  of  the  high-pressure  section;  thus  when  the 
piston  was  wedged  into  that  section  at  the  end  of  its  travel,  the  lead  deformed — and  piston 
removal  was  generally  accomplished  without  much  difficulty.  This  provided  some  margin  of 
safety  when  the  amount  of  gunpowder  to  use  for  a  particular  desired  shot  condition  was  deter¬ 
mined.  It  was  possible  to  err  on  the  side  of  over-driving  the  piston,  thus  to  be  sure  there  was  no 
bounce  back.  The  lead  portion  of  the  spent  piston  was  reclaimed  and  recycled.  However,  follow- 
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ing  the  initial  shakedown  tests,  there  were  discussions  about  the  possibility  of  contamination  from 
the  lead  insert,  and  because  of  environmental  concerns,  the  lead  component  was  changed  to  steel. 
The  tests  under  this  project  were  the  first  to  be  conducted  with  the  new  piston  design.  On  the  first 
shot  the  piston  was  wedged  into  the  high-pressure  section  as  usual.  However,  although  the  steel 
did  deform  somewhat,  it  did  not  deform  as  much  as  did  the  soft  lead.  Consequently,  the  insert 
essentially  welded  itself  to  the  inner  wall  of  the  high-pressure  section.  The  usual  techniques  for 
removing  it  were  unsuccessful,  and  eventually  the  entire  high-pressure  section  (19  tons)  had  to  be 
removed  from  the  facility  and  taken  to  the  machine  shop,  where  the  piston  was  cut  out.  After  the 
piston  was  cut  from  the  high-pressure  section,  an  analysis  of  the  inner  steel  material  showed  that 
it  had  not  been  properly  heat  treated.  This  error  was  corrected  for  all  subsequent  runs,  and  there 
were  no  further  stuck  piston  problems.  The  properly  heat-treated  steel  insert  can  be  reused.  How¬ 
ever,  the  cost  in  time  and  resources  to  accomplish  this  piston  redevelopment  had  a  serious  impact 
on  the  planned  test  program  in  the  AEDC  FPST.  In  the  end,  only  the  spherically  blunt  slender 
cone  configuration  was  tested  at  AEDC. 

4.1.3  Free-Piston  Shock  Tunnel  Data  Acquisition  System 

Outputs  from  the  tunnel  and  model  transducers  were  recorded  on  Norland®’  IQ-300  and 
LeCroy®>  Model  6810  transient  recorders.  The  channels  of  these  recorders  were  set  at  different 
sensitivities  to  provide  adequate  recording  ranges  for  the  estimated  signal  strengths.  Specific  sam¬ 
pling  rates  of  the  recorders  were  10  MHz  for  the  IQ-300  and  5  MHz  for  the  6810.  Both  machines 
have  twelve-bit  resolution.  The  IQ-300  stores  the  acquired  data  on  a  floppy  disk  that  may  be  used 
with  a  personal  computer  equipped  with  an  analysis  package  to  convert  the  data  into  engineering 
units.  The  LeCroy  also  uses  floppy  disk  storage  and  is  PC-controlled  with  commercially  avail¬ 
able  software.  The  recorders  have  large  data  memories  so  that  all  channels  can  be  triggered  at 
gunpowder  ignition,  minimizing  the  possibility  of  improper  triggers  and  lost  data.  Model  pres¬ 
sures  were  measured  using  Kulite  High-Temperature  Miniature  Pressure  Transducers  XCE-093 
having  a  repeatability  of  0.25  percent  and  combined  nonlinearity  and  hysteresis  of  0.5  percent  full 
scale.  Heat-transfer  measurements  were  made  with  Medtherm  ISA  Type  E  (chromel-constantan) 
coaxial  thermocouples.  The  uncertainty  associated  with  heat-transfer  measurement  is  difficult  to 
evaluate;  best  estimates  are  ±7  percent  on  the  temperature  measurement  and  ±20  percent  on  the 
heat-transfer  measurement. 

4.1.4  Free-Piston  Shock  Tunnel  Test  Program 

The  test  program  in  the  AEDC  FPST  began  with  a  short  calibration  phase.  It  was  deemed 
prudent  to  include  calibration  tests  because  the  facility  had  not  been  operated  as  an  FPST  for 
some  time.  Also,  in  the  interim  the  configuration  had  been  changed  to  an  impact  facility,  an 
impact  test  program  had  been  conducted,  and  the  configuration  had  been  changed  back  to  the 
FPST.  For  the  calibration  tests,  the  rake  shown  in  Fig.  6  was  used.  On  the  first  run,  the  stuck  pis¬ 
ton  problem  described  above  occurred.  Three  additional  calibration  runs  were  made  to  verify  that 
the  facility  was  functioning  properly. 
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The  matrix  of  test  conditions  for  the  runs  made  in  the  AEDC  FPST  during  this  project  is 
shown  in  Table  1 .  The  four  runs  with  the  calibration  rake  were  made  to  verify  the  proper  operation 
of  the  facility  following  the  reconfiguration  from  the  impact  test  mode.  The  rake  held  pressure  and 
heat-transfer  probes  to  measure  the  nozzle  flow-field  properties.  The  results  of  these  tests  indicated 
that  the  facility  operation  and  the  test  conditions  produced  were  as  seen  during  the  initial 
calibration  tests. 

Following  the  calibration  tests,  six  runs  were  made  with  a  spherically  blunt  slender  cone  that 
was  a  70-percent  scale  model  of  the  one  that  had  been  tested  in  the  FIEG.  This  particular  shape  has 
the  name  Electre.  The  reduced  size  of  the  AEDC  model  was  necessary  to  better  accommodate  the 
smaller  AEDC  FPST.  A  sketch  of  the  AEDC  Electre  model  is  shown  in  Fig.  7.  As  noted  in  the 
sketch,  the  model  was  instrumented  to  obtain  pressure  (9  locations)  and  heat-transfer  distributions 
(12  thermocouples)  along  the  surface  from  the  nose  tip  to  the  aft  end.  The  pressure  locations  are 
depicted  on  the  top  half  of  the  model,  thermocouple  locations  on  the  bottom  half.  The  AEDC  model 
was  designed  to  provide  the  same  measurements  as  were  obtained  on  the  EIEG  model  during  the  test 
program  there.  The  test  parameters  for  the  cone  runs  are  shown  in  Table  1,  along  with  the  parame¬ 
ters  for  EIEG  Condition  III,  which  was  the  condition  for  the  Electre  tests.  The  range  of  AEDC  test 
conditions  included  the  HEG  test  conditions,  although  an  exact  match  was  never  achieved. 

4.2  HEG  EXPERIMENTS 

4.2.1  The  HEG 

The  free-piston-driven  shock  tunnel  HEG  is  operated  as  a  reflected-type  shock  tunnel  in  tai¬ 
lored  mode.  The  overall  facility  is  60  m  long,  and  it  consists  of  three  main  sections:  the  driver 
(consisting  of  an  air  buffer  and  a  compression  tube);  the  shock,  or  driven,  tube;  and  the  subse¬ 
quent  nozzle/test  section.  A  discussion  of  HEG  operation  and  its  initial  calibration  is  given  in  Ref. 
6.  A  schematic  view  of  the  HEG  is  shown  in  Fig.  8.  The  HEG  and  the  AEDC  FPST  are  com¬ 
pared  in  Table  2. 

The  compression  tube  is  separated  from  the  adjoining  shock  tube  by  the  8-  to  10-mm- thick 
stainless  steel  diaphragm.  For  a  test  in  HEG  using  operating  Condition  I  (see  Table  3),  a  pressure 
of  5  MPa  in  the  air  buffer  is  utilized  to  accelerate  a  280-kg  piston  down  the  33-m-long  compres¬ 
sion  tube.  During  this  compression  and  heating  of  the  helium  driver  gas,  the  piston  reaches  a 
maximum  velocity  of  about  278  m/sec.  When  the  burst  pressure  of  the  8-mm-thick  main  dia¬ 
phragm  is  reached  (50  Mpa  or  494  atm),  the  helium  has  been  heated  quasi-adiabatically  to 
approximately  4000K.  After  diaphragm  rupture  a  strong  shock  wave  is  generated  and  propagates 
down  the  17-m-long  shock  tube.  This  shock  wave  reflects  from  the  end  wall,  heating  the  test  gas 
(nitrogen,  air,  carbon  dioxide,  etc.)  to  high-temperature,  high-pressure  conditions  that  are  given  in 
the  upper  part  of  Table  3.  When  this  nozzle  reservoir  region  is  formed,  the  secondary  diaphragm 
(a  thin  Mylar  sheet)  ruptures  and  the  test  gas  expands  through  the  3.75-m-long  convergent- 


19 


AEDC-TR-01  -5 


divergent  nozzle.  The  throat  and  exit  radius  of  this  nozzle  are  0.01 1  m  and  0.44  m,  respectively, 
resulting  in  an  area  ratio  of  1600.  The  half-angle  of  the  conical  nozzle  is  approximately  6.5  deg. 

4.2.2  Determination  ofFreestream  Conditions 

The  nozzle  reservoir  conditions  (see  Table  3)  are  determined  by  using  the  shock  tube  filling 
pressure,  pj  (24  kPa  for  Condition  I,  and  50  kPa  for  Condition  III),  measuring  the  incident  shock 
wave  speed,  us,  and  the  reservoir  pressure,  p0,  and  then  calculating  the  shock  tube  flow  using  the 
chemical  and  thermal  equilibrium  code  ESTC  (see  Refs.  6  and  7).  The  shock  speed  us  is  deter¬ 
mined  by  five  ionization  gages  along  the  shock  tube.  Knowing  the  distance  between  the  ionization 
gages,  the  shock  speed  along  the  shock  tube  can  be  calculated  using  the  points  in  time  recorded 
when  the  shock  passes  each  gage.  The  nozzle  reservoir  pressure,  p0,  is  measured  by  two 
transducers,  one  6205A  Kistler  and  one  Kulite  HKS  375M,  located  in  the  shock  tube  end  wall. 
These  transducers  have  an  operating  range  of  0  to  6000  bar,  with  an  accuracy  of  more  that  99  per¬ 
cent.  For  the  determination  of  the  reservoir  conditions  the  average  shock  speed  evaluated  between 
gages  3  and  4  and  gages  4  and  5  is  used. 

As  described  in  Ref.  8,  the  characterization  of  the  ffeestream  flow  in  HEG  is  a  combined 
effort  of  classical  and  newly  developed  measurement  techniques  and  CFD.  The  nozzle  reservoir 
pressure  and  temperature  are  used  as  input  for  the  DLR  Navier-Stokes  code,  CEVCATS-N,  which 
is  used  to  compute  the  nonequilibrium  nozzle  flow.  Nominal  ffeestream  conditions  generated  in 
the  HEG  test  section  for  operating  Conditions  I  through  IV  are  summarized  in  the  lower  part  of 
Table  3. 

In  high  enthalpy  testing  involving  dissociation  reactions  behind  the  bow  shock  wave,  the 
similarity  parameter,  pL,  must  be  duplicated  in  wind  tunnel  experiments  in  order  to  generate  sim¬ 
ilar  dissociation  relaxation  processes  in  both  free  flight  and  ground  testing.  The  high  reservoir 
pressure  of  approximately  1 00  MPa  causes  more  severe  ablation  processes  in  the  nozzle  reservoir 
for  Conditions  II  and  IV  than  for  the  lower  pressure  Conditions  I  and  III.  Therefore,  the  majority 
of  tests  in  HEG  are  performed  using  operating  Conditions  I  and  III,  and  consequently  a  more 
detailed  knowledge  of  the  freestream  flow  conditions  is  available  for  these  conditions. 

Permanent  probes  are  installed  within  the  test  section  to  monitor  the  flow  conditions  during 
each  individual  run.  The  pitot  pressure,  pt2,  and  the  stagnation  point  heat-transfer  rate,  qt2,  as  well 
as  the  heat-transfer  rate  at  45  and  90  deg  from  the  stagnation  point  are  measured  on  spheres  of 
diameter  15  and  20  mm,  respectively.  The  sensor  used  in  the  pitot  probe  is  a  Kulite®  XCS-062- 
1. 7-bar  transducer  with  an  operating  range  of  0  to  1.7  bar  with  a  full-scale  error  of  1  percent,  and 
the  heat-transfer  probe  is  equipped  with  ONERA  chromel®-constantan®  thermocouples.  During 
the  test  time  window,  the  axial  locations  of  the  stagnation  point  heat-transfer  rate  probe  and  the 
pitot  pressure  probe  are  approximately  140  mm  and  162  mm,  respectively,  behind  the  nozzle  exit. 
Both  probes  are  located  within  the  core  flow  at  the  same  radial  distance  of  200  mm  from  the  noz¬ 
zle  axis.  A  third  permanent  probe  is  used  to  measure  the  static  pressure  (Ref.  9)  1 3 1  mm  down- 
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stream  of  the  nozzle  exit.  The  measurement  of  the  temporal  development  of  static  pressure  in 
conjunction  with  the  measurement  of  the  pitot  pressure  and  the  reservoir  pressure  is  used  in  HEG 
not  only  to  monitor  the  repeatability  of  test  conditions,  but  also  to  determine  the  available  test 
time  window.  For  Conditions  I  and  III,  this  test  time  is  limited  by  the  starting  process  of  the  noz¬ 
zle  flow  and  the  flow  past  the  model  as  well  as  by  the  arrival  of  helium  driver  gas  in  the  test  sec¬ 
tion.  For  operating  Condition  I,  a  sleeve  is  mounted  at  the  end  of  the  shock  tube  to  prevent  early 
driver  gas  contamination  of  the  test  section  flow  (Ref.  8).  The  total  available  test  time  depends  on 
the  operating  condition,  and  it  amounts  to  approximately  one  millisecond. 

4.2.3  Experimental  Setup  for  HEG  Test  Programs 

4.2.3. 1  Data  Acquisition  System 

The  output  of  the  model  sensors,  permanent  probe  sensors,  and  tunnel  sensors  was  amplified 
by  a  bridge  amplifier  and  was  acquired  with  a  transient  recorder  (Eckelmann  Industrieautomation 
TRC  6510)  at  a  sampling  rate  of  1  MHz,  12-bit  depth.  A  total  of  72  data  channels  are  available. 
The  data  acquisition  was  triggered  by  the  shock  passing  the  first  ionization  gage  in  the  shock 
tube.  The  output  voltage  of  the  thermocouples  was  amplified  by  a  factor  of  100.  Depending  on 
the  pressure  sensor  type  and  the  pressure  level  to  be  measured,  the  power  supply  was  ±2.5  up  to 
±7.5  V.  The  output  voltage  was  amplified  by  a  factor  of  10  to  1000. 

4. 2. 3.2  HEG  Test  Articles 

Shock  interaction  tests  were  done  with  a  double  ramp  model,  shown  in  Fig.  9.  The  ramp  was 
equipped  with  pressure  transducers  and  flush-mounted  thermocouples  for  pressure  and  heat- 
transfer  distribution  measurements.  The  positions  of  the  sensors  are  also  shown  in  Fig.  9.  There 
are  pressure  transducers  from  Kulite  XCS-093  that  vary  in  resolution  from  350  to  3500  mbar. 
They  are  mounted  underneath  the  surface  protected  with  a  heat  shield.  The  holes  through  which 
the  surface  pressure  is  measured  are  0.9  mm  in  diameter.  The  cavity  slows  down  the  response 
time,  but  the  system  is  still  fast  enough  to  measure  pressure  until  a  steady  flow  is  achieved.  The 
thermocouples  are  from  Medtherm  and  are  fixed  into  the  surface.  After  installation  they  are 
ground  to  fit  the  surface  exactly.  The  Electre  slender  cone  model  used  in  the  HEG  was  the  full- 
scale  version  of  the  AEDC  FPST  model  shown  in  Fig.  7.  Measurement  locations  were  proportion¬ 
ally  the  same,  and  Kulite  and  Medtherm  transducers  were  also  used  in  this  model. 

4. 2. 3. 3  Optical  Setup  for  the  Double  Ramp  Model 

Primary  data  for  the  shock  interaction  tests  came  from  high-speed  photographs.  The  flow 
visualization  was  performed  by  setting  up  a  schlieren  and  shadowgraph  system,  which  is  shown 
in  Fig.  10.  The  system  is  designed  for  obtaining  temporally  resolved  images  of  the  flow.  It  con¬ 
sists  of  a  high  pulse  rate  copper  vapor  laser  capable  of  producing  repetition  rates  up  to  50  kHz, 
together  with  its  companion  rotating  drum  streak  camera.  While  the  drum  camera  is  actually  a 
streak  camera,  the  narrow  pulse  width  of  the  laser  performs  a  pseudoframing  function.  The  setup 
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uses  a  Z-path  schlieren  layout  with  spherical  mirrors  having  a  1500-mm  focal  length.  The  copper 
vapor  laser  green  line  (510  nm)  initially  was  used  for  visualization  purposes,  but  this  led  to  prob¬ 
lems.  It  was  found  that  the  hot  copper  vapor  located  behind  shocks  in  the  core  flow  caused  strong 
absorption  of  the  light  from  the  corresponding  laser  transition  of  the  copper  vapor  laser,  and  the 
result  was  that  some  areas  had  no  exposure  on  the  film.  To  counteract  this  problem  a  dye  laser 
was  used  to  shift  the  wavelength  from  5 1 0  to  67 1  nm.  This  solved  the  problem,  but  unfortunately 
it  restricted  the  experiments  to  a  maximum  frequency  of  15  kHz  for  the  system  and  it  introduced  a 
reduction  in  picture  quality. 

4.2. 3. 4  Test  Matrix  for  the  HEG  Test  Programs 

Table  4  shows  the  experiments  with  the  double  ramp  model.  Listed  in  the  table  are  the  Run 
ID  for  the  HEG  Experiment  and  the  test  type  (e.g.,  condition)  as  well  as  the  angles  used  for  the 
ramp.  For  the  tunnel  data,  the  absolute  time  when  the  shock  is  reflected  upon  the  end  wall  is 
listed.  This  time  is  relative  to  the  tunnel  trigger  and  is  always  used  as  the  zero  point.  This  means 
that  all  other  time  values  are  relative  to  this  value  (SR).  The  time  lag  (TL)  defines  the  time  until 
startup  of  the  flow  in  the  test  section.  The  test  gas  needs  approximately  0.7  msec  to  travel  down 
the  nozzle. 

Pq  gives  the  stagnation  value  of  the  tunnel,  and  pt2  the  pitot  pressure  from  the  permanent 
probe  in  the  test  section.  Also  listed  in  the  table  are  the  mean  values  for  all  runs.  They  are  45.6 
MPa  for  condition  III  and  38  MPa  for  condition  I.  Since  there  was  no  opportunity  for  conducting 
double  ramp  tests  at  AEDC,  there  could  be  no  comparison  of  data  between  the  two  tunnels  for 
this  configuration. 

Test  conditions  for  the  HEG  Electre  tests  are  shown  in  Table  5.  The  results  of  these  tests 
were  compared  with  the  AEDC  Electre  tests,  and  this  comparison  and  the  results  are  discussed  in 
Section  5. 

4.2. 3. 5  Double  Ramp  Test  Results 

This  section  presents  some  results  of  the  experiments  which  have  been  performed  for  initial 
ramp  angles  0=15  and  20  deg  (see  Fig.  9  for  nomenclature).  Figure  11  shows  four  frames  from 
HEG  run  453  that  make  the  establishment  of  the  separation  visible.  The  time  interval  between 
frames  is  St  =  0.6  msec. 

As  seen  in  Fig.  11,  the  establishment  of  the  separation  bubble  is  a  time-dependent  mecha¬ 
nism.  To  give  further  insight  into  this  process,  the  development  of  the  separation  length  on  the 
first  ramp,  Lu,  was  measured  from  the  film.  The  result  is  shown  in  Fig.  12. 

The  measurement  of  the  development  of  Lu  over  time  gives  an  aid  in  deciding  at  what  time 
to  measure  the  length  Lu.  Figure  12  shows  a  measurement  for  HEG  condition  III,  run  453,  which 
is  the  low  enthalpy  condition,  with  12.9  MJ\kg.  The  angles  are  0  =  15  deg  and  0W  =  35  deg.  The 
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pitot  pressure  is  also  plotted  as  a  function  of  time.  On  first  view  the  development  of  Lu  comes  to  a 
stationary  value  after  t  =  2.5  msec.  On  the  other  hand  it  can  be  seen  that  the  pitot  pressure  starts  to 
decrease  at  that  time.  If  the  development  of  Lu  is  compared  with  the  static  pressure,  which  is 
shown  in  Fig.  13,  it  is  clear  that  the  static  pressure  has  its  stationary  value  around  t  =  1.9  msec 
(labeled  point  B).  Here,  Lu  forms  a  first  plateau  (P|)  when  the  static  pressure  is  still  in  its  devel¬ 
opment  (point  A).  When  the  static  pressure  arrives  at  point  B,  Lu  starts  to  rise  again  until  it 
reaches  the  second  plateau  (P2).  There  seems  to  be  a  little  time  delay  between  the  beginning  of 
rising  Lu  and  the  maximum  (B)  of  the  static  pressure.  This  time  delay  should  originate  from  the 
static  pressure  probe  itself,  which  produces  a  time  delay  because  of  its  construction. 

It  can  be  shown  here  that  for  the  different  HEG  conditions,  the  driver  gas  contamination 
starts  at  different  points  in  time.  Further  details  about  this  can  be  found  in  Ref.  10.  For  run  453, 
the  arrival  time  of  He  in  the  test  section  is  found  to  be  around  t  =  2.8  msec,  at  which  time  the 
steadiness  of  Lu  is  destroyed.  The  arrival  of  He  in  the  test  section  for  the  high  enthalpy  condition  I 
is  generally  earlier  in  time.  To  compare  the  two  conditions  for  air  flow,  it  was  decided  to  use  a 
test  time  window  in  between  t  =  1.8  and  1.9  msec,  on  the  assumption  that  the  changes  in  Lu  fol¬ 
low  the  changes  in  the  freestream  conditions  in  a  quasi-steady  manner.  In  this  way  it  is  possible  to 
compare  conditions  I  and  III  at  a  point  where  driver  gas  contamination  has  not  yet  affected  the 
results  and  the  measured  freestream  parameters  stagnation  and  static  pressure,  both  indicating 
good  freestream  conditions.  The  term  “good  freestream  condition”  is  used  here  in  the  sense  that 
the  values  agree  with  the  numerically  predicted  values  that  are  obtained  utilizing  nozzle  reservoir 
conditions. 

Figure  14  shows  the  measured  values  of  Lu  normalized  with  the  length  of  the  first  plate  and 
are  for  an  incident  angle  0=15  deg.  The  results  of  Ref.  1 1  are  compared  with  the  HEG  results  in 
Fig.  14.  The  low  enthalpy  case  (B3)  and  high  enthalpy  case  (C3)  approximately  match  the  HEG 
run  conditions  I  and  III,  respectively.  It  has  to  be  stated,  though,  that  the  experiments  of  Ref.  1 1 
were  performed  with  N2  as  a  test  gas.  The  tendency  of  increasing  Lsep  or  increasing  Lu  with  @w  is 
a  well-established  result. 

The  discrepancy  for  the  HEG  test  series  between  the  high  and  low  enthalpy  cases  is  visible. 
The  high  enthalpy  case  decreases  Lu  slightly,  when  comparing  the  above-mentioned  quasi  steady 
state.  A  clear  tendency  in  the  data  from  Ref.  1 1  for  N2  is  not  visible.  The  driving  force  for  the 
decrease  in  Lu,  which  is  caused  by  higher  enthalpy,  is  the  dissociation  behind  the  leading-edge 
shock,  which  is  higher  for  air  than  for  N2,  together  with  the  process  of  recombination.  In  Ref.  1 1 
one  can  find  measurements  at  higher  angles  of  attack,  where  the  difference  in  Lu  can  be  seen 
more  clearly. 


23 


AEDC-TR-01  -5 


5.0  COMPUTATIONAL  FLUID  DYNAMICS  AND 
COMPARISON  WITH  TUNNEL  DATA 


A  primary  utility  of  free  piston  shock  tunnels  is  to  obtain  data  that  can  be  used  to  validate 
CFD  codes  for  application  to  high-energy  flows.  Such  codes  will  be  required  in  the  design  and 
development  of  high  Mach  number  flight  systems,  since  the  flight  conditions  for  such  systems 
often  exceed  the  capability  of  ground  test  facilities.  To  successfully  develop  such  systems, 
advanced  CFD  codes  must  be  used  in  conjunction  with  the  limited  ground  test  data.  The  develop¬ 
ment  and  validation  of  these  codes  is  thus  the  key  to  future  procurement  of  advanced  high  Mach 
number  flight  vehicles.  Data  and  code  comparisons  from  the  AEDC  FPST  (Ref.  12)  and  the  DLR 
HEG  (Ref.  13)  have  been  reported  in  a  number  of  publications.  However,  sharing  test  informa¬ 
tion  from  the  HEG  and  the  AEDC  FPST  provided  DLR  and  AEDC  with  a  larger  database  to  use 
in  evaluating  and  validating  CFD  codes.  The  cooperation  also  allowed  for  comparing  the  results 
from  the  different  codes  used  by  each  institution. 

5.1  CODES  EMPLOYED 

One  of  the  principal  CFD  codes  that  has  been  used  in  the  analysis  of  data  from  the  AEDC 
FPST  is  the  three-dimensional,  thin-layer  Navier-Stokes  code  TUFF  (Ref.  14  and  15),  developed 
at  NASA  Ames.  This  code  solves  the  strongly  coupled  species  conservation  equations  and  fluid 
dynamic  equations  in  a  finite-volume  framework.  A  time-marching  algorithm  is  used  in  conjunc¬ 
tion  with  total  variation  diminishing  (TVD)  techniques  to  obtain  an  asymptotic,  steady-state 
solution.  The  code  has  been  used  in  a  quasi-one-dimensional  form  to  compute  flow  in  the  AEDC 
FPST  nozzle  and  to  predict  conditions  at  the  nozzle  exit.  Two-dimensional  axisymmetric  compu¬ 
tations  are  subsequently  carried  out  about  the  blunt-nosed  model.  The  nonequilibrium  chemistry 
model  contained  in  the  code  is  five-species  air  (O,  02,  NO,  N,  N2)  with  electrons  contributed  from 
the  ionization  of  NO.  The  gas  is  assumed  to  be  in  thermal  equilibrium;  i.  e.,  the  gas  can  be  charac¬ 
terized  by  a  single  temperature.  The  code  contains  two  turbulence  models  (a  Baldwin-Lomax 
model  and  a  K-s  model)  in  addition  to  the  laminar  flow  model. 

It  is  generally  accepted  that  the  most  sophisticated  nonequilibrium  radiation  solver  available  is 
NEQAIR  (Ref.  16).  Generally,  it  is  too  costly  in  terms  of  computational  resources  to  couple 
NEQA1R  directly  to  a  CFD  flow  solver;  hence,  some  simpler  approach  is  preferred.  The  simplest 
approach  is  to  use  NEQAIR  in  conjunction  with  some  appropriate  CFD  flow  solver  in  an  uncoupled 
fashion.  As  a  middle-of-the-road  approach,  radiation  codes  employing  simplifying  assumptions 
(such  as  LORAN  and  NOVAR)  have  been  developed  (Ref.  17).  Also,  these  radiation  codes  were 
coupled  with  the  flow  solvers  LAURA  (Ref.  17)  and  GIANTS  (Ref.  17),  respectively.  Radiative 
transport  effects  have  been  incorporated  into  a  number  of  different  flow  solvers  using  various  sim¬ 
plifying  assumptions.  Multitemperature  models  are  frequently  simplified  to  a  two-temperature 
model  by  assuming  that  the  translational  and  rotational  temperatures  are  in  equilibrium  and  that  a 
single  vibrational  temperature  can  be  used  to  describe  all  the  diatomic  species.  Further,  it  is  usually 
assumed  that  the  electron  temperature  is  in  equilibrium  with  the  vibrational  temperature.  These 
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assumptions  constitute  a  minimum  acceptable  model  (Ref.  17)  for  a  CFD  code  even  if  the  radiation 
solver  is  uncoupled.  Four  additional  flow  solvers  considered  and  which  satisfy  these  criteria  are 
GASP,  NED  ANA,  GPACT,  and  NSHYP. 

GASP  (Ref.  1 8)  is  a  three-dimensional,  finite-volume  flow  solver  and  contains  options  for  the 
Roe  or  van  Leer  upwind  schemes.  GASP  solves  the  integral  form  of  the  fluid  dynamic  equations, 
including  the  full  Reynolds-averaged  Navier- Stokes,  thin-layer,  parabolized  or  Euler  equations. 
GASP  contains  a  generalized  chemistry  model  as  well  as  a  two-temperature  model. 

NEDANA  (Ref.  19)  employs  a  three-dimensional,  locally  implicit  algorithm  for  the  solution 
of  the  thin-layer  Navier-Stokes  equations  expanded  for  thermochemical  nonequilibrium.  The 
numerical  flux  function  is  based  on  the  central-difference,  flux-limited,  artificial  dissipation 
model  of  Jameson.  The  scheme  combines  the  simplicity  of  artificial  dissipation  with  the  total 
variation  diminishing  property.  The  flow  solver  employs  the  AEDC-developed  chemistry  pack¬ 
age  NEQPAK.  NEQPAK  provides  the  chemical,  thermodynamic,  and  transport  properties  that 
are  required  to  simulate  the  flow  of  a  gas  in  thermochemical  nonequilibrium.  The  flow  solver  also 
incorporates  the  Chimera  domain  decomposition  procedure  to  allow  for  complex  configurations 
as  well  as  bodies  in  relative  motion.  NEDANA  uses  the  two-temperature  model  of  Park  (Ref.  20), 
which  characterizes  a  multicomponent  gas  by  a  translational-rotational  temperature  and  a  vibra¬ 
tional-electronic  temperature. 

GPACT  is  a  computer  program  currently  under  development  that  has  been  applied  towards 
simulating  propulsion-generated  flow-field  phenomena.  These  simulations  have  treated  fully  cou¬ 
pled,  three-dimensional  flows  with  finite-rate  chemistry.  This  capability  is  described  and  the 
results  of  validation  studies  are  reported  in  Ref.  2 1 .  GPACT  was  derived  from  a  research  version 
of  the  Generalized  Implicit  Flow  Solver,  GIFS  (Ref.  22).  Since  its  inception,  the  GIFS  computer 
program  has  been  systematically  and  extensively  modified  under  the  joint  sponsorship  of  the  Air 
Force  Research  Laboratory  and  the  Arnold  Engineering  Development  Center.  These  changes  have 
significantly  improved  the  robustness,  the  generality  of  the  solution  algorithm,  the  physical  model 
approximations,  and  the  internal  databases.  This  improvement  has  led  to  the  evolution  of  the 
GPACT  computer  model.  Recent  efforts  have  been  directed  towards  improving  its  overall  compu¬ 
tational  efficiency,  including  turnaround  time  and  computer  memory  requirements.  Further, 
modification  of  the  solution  technique  to  strengthen  the  coupling  of  numerous  physical  phenom¬ 
ena  occurring  in  rocket  propulsion  flow  fields  that  focus  on  chemical  kinetics  and  two-phase  flow 
with  phase  change  are  also  being  addressed,  since  these  phenomena  can  significantly  impact  radi¬ 
ant  emission.  The  objective  of  future  GPACT  computer  program  enhancements  is  to  extend  the 
development  of  the  model  beyond  the  ’’research”  level  and  eventually  to  provide  an  applications- 
oriented,  CFD  flow-field  simulation  tool  for  use  by  CFD  users  in  the  propulsion  community. 

The  NSHYP  flow  solver,  developed  in  Germany  at  the  DLR  (Ref.  23),  solves  the  time- 
dependent,  thin-layer,  Navier-Stokes  equations.  The  numerical  algorithm  is  based  on  an  implicit 
finite-difference  scheme  using  line  Gauss-Seidel  relaxation.  The  resulting  system  of  equations  is 
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solved  with  the  Richtmeyer  algorithm.  The  spatial  discretization  is  formally  second  order.  For  the 
inviscid  fluxes  a  TVD  upwind  discretization  according  to  Yee  &  Flarten  (Ref.  24)  is  employed,  and 
the  spatial  derivatives  of  the  viscous  fluxes  are  discretized  by  second-order  central  differences.  In 
NSHYP,  Roe's  approximate  Riemann  solver  (Ref.  25)  is  used.  For  the  computation  of  chemically 
reacting  flows  the  generalized  form  of  Roe's  solver  according  to  Liu  &  Vinokur  (Ref.  26)  is 
employed.  Air  is  modeled  as  a  chemically  reacting  mixture  of  electrically  neutral  perfect  gases  and 
is  assumed  to  consist  of  five  species,  namely  molecular  and  atomic  nitrogen  (N2,  N),  and  oxygen 
( O 2 ,  O),  and  nitric  oxide  (NO).  The  chemical  reaction  rates  are  taken  from  Park  (Ref.  20).  The 
determination  of  the  vibrational  energy  of  the  molecular  species  is  based  on  the  assumption  of  a 
harmonic  oscillator.  The  transition  of  energy  between  the  vibrational  modes  and  the  translational 
modes  is  approximated  using  the  Landau-Teller  formulation.  The  vibrational  relaxation  times  are 
obtained  from  correlations  of  Millikan  &  White  and  Park,  and  the  vibration  dissociation  coupling 
according  to  Park  is  used.  The  physical  domain  considered  in  the  current  study  is  bounded  by  the 
body,  the  inflow  and  outflow  boundaries,  and  the  line  of  symmetry.  On  the  body,  no-slip  condi¬ 
tions  are  applied.  The  temperature  of  the  fully  catalytic,  isothermal  wall  is  set  to  Twall  =  300K.  At 
the  inflow  boundary,  a  homogenous  hypersonic  flow  is  assumed.  At  the  outflow  boundary,  the 
conservative  variables  are  extrapolated  from  the  integration  domain  by  assuming  that  their  slopes 
in  the  downstream  direction  are  constant.  In  order  to  compute  axisymmetric  flows  with  the  present 
3D  flow  solver,  appropriate  symmetry  conditions  are  employed  to  evaluate  the  fluxes  in  the  cir¬ 
cumferential  direction.  At  the  line  of  symmetry,  which  for  axisymmetric  flows  represents  a  singu¬ 
larity,  the  variables  are  determined  by  means  of  a  cubic  extrapolation. 

The  NSHYP  code  has  been  largely  replaced  by  the  new  code  CEVCATS-N  at  DLR.  The 
CEVCATS-N  code  used  at  HEG  solves  the  full  Navier-Stokes  equations  in  integral  form  for  mix¬ 
tures  of  perfect  and  reacting  gases.  Thermochemical  equilibrium  and  nonequilibrium  are  solved 
with  a  numerical  scheme  consisting  of  hybrid  upwind  flux  vector  splitting  and  use  of  a  five-stage 
Runge-Kutta  scheme  for  time  integration  (Ref.  27).  Local  time  stepping,  implicit  residual  averag¬ 
ing,  and  full  multigrid  are  used  to  accelerate  the  convergence  process.  Viscosity  is  computed  with 
Sutherland’s  formula  for  perfect  gases  and  with  Blottner  curve  fits  for  reacting  gases.  The  chemi¬ 
cal  model  contains  (but  is  not  restricted  to)  five  species.  Boundary  conditions  on  the  wall  allow 
different  temperatures  (adiabatic,  prescribed,  or  equilibrium).  The  influence  of  catalytic  effects 
can  also  be  included.  Several  tools  are  used  for  generation  of  the  structured  grids.  The  computa¬ 
tional  performance  on  a  NEC  SX4/4  (single  processor)  is  about  1.1  GFLOPS.  No  results  from  this 
code  are  presented  here. 

5.2  TUNNEL  COMPARISONS 

5.2.1  Heat-Transfer  Data  Reduction 

Heat-transfer  measurement  in  high  enthalpy  facilities,  where  the  heat-transfer  rates  are  large 
and  run  times  are  limited,  is  often  accomplished  with  a  transducer  that  measures  surface  tempera¬ 
ture  as  a  function  of  time.  A  coaxial  thermocouple  gage  has  sufficiently  fast  response  for  a  facility 
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with  millisecond  test  times.  Once  the  surface  temperature-time  history  has  been  acquired,  semi- 
infinite  body  theory  is  used  to  infer  the  heat  transfer.  The  method  used  at  AEDC  is  a  “direct” 
method  that  can  be  traced  to  Ref.  28.  This  method  involves  differentiation  and  then  integration. 
Since  some  noise  is  bound  to  be  present  in  the  experimental  data,  a  special  smoothing  routine  has 
been  incorporated.  The  method  used  by  DLR  is  an  “indirect”  method  that  involves  integration  and 
then  differentiation  (Ref.  29).  A  natural  smoothing  is  invoked  since  the  integration  is  done  first. 
Both  methods  were  applied  to  typical  HEG  data,  and  the  results  are  compared  in  Fig.  15.  The  meth¬ 
ods  yield  very  similar  results.  However,  it  is  noted  that  the  indirect  method  (DLR)  does  a  better  job 
of  preserving  the  details  without  allowing  the  noise  to  dominate. 

5.2.2  Spectral  Predictions  -  NEQAIR 

The  NEQAIR  code  (Ref.  16)  was  activated  and  is  available  for  use  at  AEDC.  A  spectrum 
was  computed  for  an  HEG  run  condition  for  which  a  measured  spectrum  was  available.  The  com¬ 
puted  and  measured  spectra  (Fig.  16)  indicate  that  significant  emission  from  contaminants  other 
than  air  is  definitely  present.  Also  shown  in  Fig.  16  is  the  emission  for  Fe  for  6000K.  It  is  likely 
that  at  least  part  of  the  contamination  is  caused  by  Fe.  It  must  be  concluded  that  too  much  con¬ 
tamination  is  present  to  allow  direct  inteipretation  of  HEG  (or  AEDC)  emission  spectra.  Never¬ 
theless,  NEQAIR  may  prove  useful  when  searching  for  areas  of  the  spectrum  where  specific  tech¬ 
niques  might  successfully  be  applied. 

5.3  PREDICTION  OF  FREESTREAM  CONDITIONS 

Considerable  effort  has  been  expended  to  define  the  freestream  conditions  produced  at  the 
nozzle  exit  (i.e.,  the  entrance  to  the  test  section)  of  the  AEDC  FPST  (Ref.  12)  and  the  DLR  HEG 
(Ref.  13).  At  AEDC  it  was  discovered  that  a  previously  used  flow  solver,  NEDANA,  gave  a  sig¬ 
nificantly  different  prediction  of  vibrational  temperature  at  the  nozzle  exit  when  compared  to  a 
currently  used  flow  solver,  GASP  (see  Fig.  17).  It  is  noted  from  Fig.  17  that  the  vibrational  tem¬ 
perature  ‘freezes’  early  in  the  nozzle,  as  is  typical  of  hypersonic  nozzles  fed  from  a  reservoir. 
However,  the  two  flow  solvers’  predictions  of  nozzle  exit  vibrational  temperature  level  (Tv)  dif¬ 
fer  by  approximately  900K.  The  corresponding  difference  in  the  translational  temperature,  Ttr,  is 
70K.  Differences  of  this  magnitude  in  Tv  can  cause  considerable  uncertainty  in  the  determination 
of  freestream  conditions.In  some  of  the  diagnostic  techniques  presented  in  Section  6  of  this 
report,  the  value  of  Tv  must  be  known  before  Ttr  can  be  computed,  or  vice  versa.  Or,  alterna¬ 
tively,  one  must  be  able  to  predict  the  ratio  of  Tv/Ttr  with  some  degree  of  certainity  for  the  tech¬ 
nique  to  be  useful. 

5.3.1  Boundary-Layer  Effects 

Boundary-layer  effects  are  more  important  in  the  HEG  nozzle  than  in  the  AEDC  FPST  nozzle 
because  the  HEG  nozzle  is  physically  larger  than  the  AEDC  nozzle.  During  early  analysis  work  at 
DLR  using  a  Euler  code  combined  with  a  boundary-layer  code,  it  was  found  that  the  boundary-layer 
transition  point  was  critical  for  proper  interpretation  of  the  results.  TUFF  solutions  were  carried  out 
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without  accounting  for  the  boundary  layer.  GASP  solutions  did  account  for  the  boundary  layer;  in 
most  cases  transition  was  assumed  to  occur  quite  early  in  the  nozzle  expansion. 

5.3.2  Chemical  Species  Prediction 

The  chemical  species  predicted  at  the  nozzle  exit  plane  are  shown  in  Table  5  for  HEG  condi¬ 
tions  1  and  III  and  in  Table  6  for  the  typical  AEDC  FPST  run  conditions  of  Runs  16  and  30.  It  is 
noted  that  the  species  predictions  are  relatively  insensitive  to  the  temperature  model  (1-T  vs.  2-T), 
and  the  predictions  of  the  various  codes  agree  relatively  well. 

5.3.3  Temperature  Prediction 

Freestream  temperature  predictions  are  shown  in  Table  5  for  HEG  conditions  I  and  III  and 
for  the  typical  AEDC  FPST  run  conditions  of  Runs  16  and  30  in  Table  6.  Predictions  made  with 
one  temperature  (1-T)  and  two  temperature  (2-T)  codes  are  shown.  Conventional  wisdom  would 
lead  one  to  expect  some  vibrational  nonequilibrium,  especially  at  the  higher  Mach  numbers  in 
HEG,  thus  requiring  a  2-T  model.  DLR  calculations  with  a  2-T  code,  NSHYP,  yield  a  transla¬ 
tional  temperature,  Ttr,  of  about  800K  and  vibrational  temperatures  of  3818K  for  nitrogen  and 
2146K  for  oxygen.  The  GASP  code  (calculations  performed  at  AEDC)  predicts  Ttr  =  1 176K  and 
Tv  =  3400K  for  HEG  condition  I.  This  code  lumps  the  oxygen  and  nitrogen  vibrational  tempera¬ 
tures  together;  considering  this,  the  results  are  in  reasonable  agreement.  However,  it  is  known  that 
flow  contaminants  can  enhance  vibrational  relaxation  and  result  in  thermal  equilibrium  for  condi¬ 
tions  where  it  would  not  normally  be  expected.  Since  some  contamination  exists  in  both  the  HEG 
and  the  AEDC  FPST,  this  effect  is  certainly  possible  in  either  facility.  Recent  DLR  experimental 
results  are  more  consistent  with  the  assumption  of  thermal  equilibrium  all  the  way  to  the  nozzle 
exit.  Assuming  thermal  equilibrium,  NSHYP  predicts  a  temperature  of  1 144K  for  condition  I  and 
806K  for  condition  III.  The  TUFF  code  (1-T)  predicts  a  temperature  of  101  IK  for  condition  I  and 
744K  for  condition  III.  This  is  reasonable  agreement  with  NSHYP  in  spite  of  the  fact  that  the 
TUFF  solution  was  a  simple  1  -D  solution  neglecting  the  boundary  layer.  A  direct  measurement  of 
the  vibrational  temperature  will  be  required  to  definitively  determine  whether  any  vibrational 
nonequilibrium  exists. 

The  freestream  temperatures  for  the  typical  AEDC  FPST  run  condition  (Run  16  and  30)  (see 
Table  6)  is  predicted  to  be  957K  by  the  TUFF  code  (1-T).  The  2-T  code  predictions  are  Ttr  = 
800K,  Tv  =  2250K  from  NEDANA,  and  Ttr  =  708K,  Tv  =  2858K  from  GASP.  It  is  shown  in  the 
diagnostics  section  of  this  report  that  the  2-T  models  yield  the  most  reasonable  predictions  for 
these  cases.  Concern  over  the  significant  difference  between  the  Tv  predictions  by  NEDANA  and 
GASP  (-600K)  lead  to  the  code  validation  effort  described  in  the  following  section. 
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5.4  CODE  VALIDATION 

5.4.1  Fire  II  Data 

A  code  validation  exercise  was  carried  out  utilizing  the  flight  test  data  from  Project  Fire  II 
(Ref.  17).  This  involves  a  direct  comparison  of  the  GIANTS,  LAURA,  and  GASP  flow  solvers. 

A  general  validation  of  the  GIANTS,  LAURA,  and  GASP  flow  solvers  was  attempted  by 
comparing  them  with  the  Fire  II  data  at  1634  sec.  The  translational  temperature,  Ttr,  and  the  vibra¬ 
tional  temperature,  Tv,  are  shown  in  Fig.  18  (flow  is  from  left  to  right).  It  can  be  seen  that  the 
GASP  results  match  reasonably  well  with  the  GIANTS  results.  The  LAURA  flow  solver,  however, 
predicts  a  considerably  larger  translational  temperature  through  the  shock  layer.  All  three  flow 
solvers  predict  temperature  equilibrium  midway  between  the  shock  and  the  body.  In  addition,  the 
predicted  species  number  density  for  the  nitrogen  species  is  shown  in  Fig.  19.  The  LAURA  flow- 
solver  predictions  differ  somewhat  from  the  others  through  the  shock  layer.  Behind  the  shock, 
excellent  agreement  is  shown  between  the  species  number  densities  predicted  by  the  GASP, 
GIANTS,  and  LAURA  flow  solvers.  Finally,  the  computed  stagnation  point  heat-transfer  rates  for 
the  Fire  II  configuration  at  1634  seconds  into  the  flight  are  compared  to  the  measured  stagnation 
point  heat-transfer  rate  in  Table  7.  Reasonable  agreement  is  noted,  with  the  GIANTS  flow  solver 
prediction  differing  the  most  from  the  experimental  value. 

5.4.2  HEG  and  FPST 

The  other  cases  considered  involve  ground  test  conditions  produced  by  free-piston  shock  tun¬ 
nel  facilities  in  the  U.S.  (AEDC)  and  Germany  (DLR).  The  NEDANA,  GASP,  and  GPACT  flow 
solvers  are  used  for  the  AEDC  facility  conditions,  and  the  GASP  and  NSHYP  flow  solvers  are  used 
for  the  DLR  facility  conditions.  The  flow  conditions  for  each  case  are  listed  in  Tables  5  and  6. 

In  Figs.  20  and  21  the  predictions  of  the  various  flow  solvers  are  compared  for  the  AEDC 
Impulse  Tunnel  Run  30  condition  and  for  the  HEG  condition  I,  respectively.  The  flow  was  com¬ 
puted  through  the  nozzle  of  the  AEDC  Free-Piston  Shock  Tunnel  (nozzle  exit  Mach  number 
approximately  6.5)  and  over  a  sphere-cone  model.  The  centerline  shock-layer  temperature  distribu¬ 
tions  are  shown  in  Fig.  20.  The  GASP  and  GPACT  codes  produce  very  nearly  the  same  result  at  the 
nozzle  exit  while  NEDANA  (as  shown  in  Fig.  17)  differs.  This  is  true  even  though  both  codes 
employ  nonequilibrium  chemistry  and  two-temperature  models.  NEDANA  also  predicts  a  slightly 
higher  translational  temperature  through  the  shock  layer.  A  second  case  with  similar  geometry  but 
higher  Mach  number,  approximately  8.2,  was  computed  for  the  German  free-piston  shock  tunnel 
HEG  Condition  I.  The  temperatures  predicted  by  the  NSHYP  flow  solver  are  compared  to  those  pre¬ 
dicted  by  GASP  in  Fig.  21.  The  NSHYP  code  has  separate  characteristic  vibrational  temperatures 
for  N2  and  02.  Allowing  for  this  difference,  it  appears  the  two  codes  predict  very  similar  results. 

It  has  been  noted  above  that  the  vibrational  temperature  predicted,  measured,  or  assumed  at 
the  facility  nozzle  exit  can  have  a  significant  effect  on  the  determination  of  the  flow  properties  at 
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that  point.  This  can  be  seen  in  the  PLIF-NO  Ttr  measurements  in  the  FPST  shown  in  Table  8  and 
reported  in  Ref.  30.  In  order  to  do  the  data  reduction,  Tv  must  be  known  or  related  to  Ttr.  If  it  is 
assumed  that  Ttr  =  Tv  in  the  data  reduction  routine,  then  the  measured  static  translational  tempera¬ 
ture,  Ttr,  is  computed  to  be  in  the  300  to  400K  range  and  is  much  lower  than  that  computed  with  a 
single  temperature  flow  solver.  If  the  vibrational  temperature  computed  by  GASP,  Tv  =  3000K,  is 
used  in  the  data  reduction,  the  computed  translational  temperature,  Ttr,  is  in  the  range  from  600  to 
700K,  which  is  in  much  better  agreement  with  the  translational  temperature  predicted  with  a  two- 
temperature  flow  solver  such  as  GASP. 

5.5  PREDICTION  OF  MODEL  PARAMETERS 

5.5.1  Shock  Location 

5. 5. 1.1  Baseline 

To  establish  a  data  comparison  baseline  for  shock  shape,  data  were  analyzed  for  AEDC  Runs 
31,  34,  and  35,  for  which  the  model  was  a  70-percent  scale  version  of  the  DLR  Electre  model. 
The  shock  shape  was  predicted  with  the  TUFF  code  and  compared  to  the  data  for  Runs  3 1  and  34 
in  Figs.  22  and  23,  respectively.  Agreement  is  seen  to  be  satisfactory. 

5. 5. 1.2  He  Arrival  Detection 

Run  35  was  selected  for  a  more  detailed  analysis.  Shock  shapes  taken  from  various  camera 
frames  (which  can  be  related  to  elapsed  time)  are  shown  in  Fig.  24.  For  low  He  percentage,  the 
change  in  the  shock  standoff  distance  with  He  arrival  is  quite  weak  at  the  stagnation  point;  how¬ 
ever,  the  sensitivity  is  greater  for  the  oblique  shock  on  the  aftbody.  Three  locations  (x/r  =  2,  3, 
and  5)  were  selected  at  which  to  measure  the  shock  location.  These  measurements  are  shown  in 
Fig.  25  as  a  function  of  time  (referenced  to  the  reservoir  pressure  jump).  The  first  visible  shock  is 
observed  at  0.7  msec,  indicating  the  initiation  of  the  flow  field  about  the  model.  The  shock  shape 
remains  relatively  stable  until  3  msec,  when  a  shape  change  occurs,  presumably  caused  by  He 
arrival.  The  magnitude  of  the  change  is  consistent  with  that  predicted  by  the  TUFF  CFD  code. 
The  shock  shape  data  indicates  that  He  arrival  is  spread  over  the  3.0-  to  3.3-msec  time  incre¬ 
ment.  The  facility  code  predicts  He  arrival  within  this  band,  at  3.15  msec.  Other  He  arrival  indi¬ 
cators  (Section  6.2.5)  are  consistent  with  these  results. 

5.5.2  Pressure 

The  data  acquired  on  the  blunt  cone  in  the  DLR  HEG  and  the  AEDC  FPST  were  compared 
with  predictions  made  with  the  TUFF,  GASP,  and  GPACT  codes.  TUFF  is  a  one-temperature 
code,  while  GASP  and  GPACT  are  two-temperature  codes.  The  pressure  coefficient  predictions 
are  not  sensitive  to  run  conditions,  indicating  that  ‘real  gas’  effects  are  not  significant  for  pres¬ 
sure  prediction  on  this  model. 
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5.5.2. 1  AEDC  Cone 

Pressure  coefficient  data  for  the  70-percent  Electre  model  in  the  AEDC  FPST,  Runs  30  to  35, 
are  shown  in  Fig.  26.  Data  were  obtained  for  the  two  pressure  ports  nearest  the  stagnation  point 
only  for  Run  30.  Subsequent  to  Run  30  these  two  gages  either  were  destroyed  or  yielded  unreliable 
results.  All  three  codes  do  a  reasonable  job  of  predicting  the  pressure  on  the  forebody.  The  two- 
temperature  codes  predict  a  somewhat  lower  pressure  on  the  aftbody;  the  two  predictions  tend  to 
bracket  the  data. 

5. 5.2.2  DLR  Cone  (Electre) 

Pressure  coefficient  data  for  the  DLR  Electre  model  in  the  FIEG  are  shown  in  Fig.  27. 
Again,  the  TUFF  predictions  are  independent  of  run  condition.  If  the  standard  HEG  ffeestream 
condition  is  used  as  the  starting  point  instead  of  the  reservoir  conditions,  a  slight  difference  is 
noted  on  the  rear  portion  of  the  aftbody.  Good  general  agreement  is  noted. 

5.5.3  Heat  Transfer 

Heat-transfer  predictions  using  TUFF  agreed  better  with  the  AEDC  data  when  a  catalytic  wall 
was  assumed.  The  HEG  data  tended  to  be  catalytic  at  the  stagnation  point,  but  less  so  on  the  aftbody. 

5.5.3. 1  AEDC  Cone 

Heat-transfer  calculations  for  Run  30  using  the  TUFF  code  and  assuming  both  catalytic  and 
noncatalytic  wall  are  shown  in  Fig.  28.  It  can  be  seen  that  the  catalytic  calculation  agrees  much 
better  with  the  data  than  does  the  noncatalytic.  Thus,  the  catalytic  wall  assumption  was  used  in  all 
subsequent  calculations.  Computed  Stanton  numbers  are  compared  with  the  data  from  AEDC 
Runs  30  to  35  in  Fig.  29.  Real  gas  effects,  which  are  not  removed  by  forming  the  Stanton  num¬ 
ber,  are  evident.  The  predictions  are  seen  to  be  in  reasonable  agreement  with  the  data. 

5. 5. 3.2  DLR  Cone  (Electre) 

Heat-transfer  calculations  for  HEG  Runs  1 1 0  to  119  made  with  the  TUFF  code  and  assuming 
catalytic  wall  are  shown  in  Fig.  30.  On  the  forebody,  the  catalytic  wall  assumption  gives  reason¬ 
able  agreement  with  the  data.  At  the  shoulder  and  beyond,  the  wall  may  tend  to  become  somewhat 
noncatalytic  since  the  data  are  consistently  lower  than  the  catalytic  predictions. 

5.6  CFD  ACCOMPLISHMENTS 

This  project  has  allowed  AEDC  and  DLR  to  exercise  their  CFD  capabilities  in  the  hyperson- 
ics  arena  and,  in  addition,  develop  new  capabilities.  It  was  also  an  opportunity  to  acquire  new 
data  for  code  validation,  as  well  as  an  opportunity  to  reexamine  existing  data. 
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The  exchange  of  raw  and  reduced  data  allowed  for  the  validation  of  data  reduction  techniques. 
This  was  especially  valuable  in  the  case  of  heat  transfer,  which  involves  considerable  calculation.  It 
was  found  that  the  AEDC  and  DLR  methods  agreed  well,  but  it  is  noted  that  the  DLR  “indirect” 
method  captured  the  details  without  the  artificial  smoothing  required  by  the  AEDC  “direct”  method. 

AEDC  acquired  new  CFD  capabilities  in  the  course  of  this  effort.  The  NEQAIR  code  was 
acquired  and  installed  at  AEDC.  Even  though  it  was  discovered  that  the  contaminants  present  in 
the  AEDC  FPST  or  the  HEG  make  direct  comparisons  between  prediction  and  data  nearly  impos¬ 
sible,  the  acquisition  of  NEQAIR  is  a  significant  capability,  which  will  be  useful  in  the  future. 

In  the  course  of  this  effort  AEDC  personnel  gained  valuable  experience  in  the  use  and  devel¬ 
opment  of  two-temperature  flow  codes.  Hypersonic  nozzles  are  typically  susceptible  to  nonequilib¬ 
rium  effects,  one  of  which  is  the  freezing  of  the  vibrational  energy  modes  at  a  point  somewhat  in 
excess  of  Mach  2.  Since  the  nozzles  involved  here  are  in  the  Mach  6  to  9  range,  one  would  expect 
the  effect  to  be  present.  Since  the  level  of  vibrational  temperature,  Tv,  predicted  at  the  nozzle  exit 
varied  from  code  to  code,  an  attempt  was  made  to  compare  the  various  codes  for  a  benchmark  case. 

5.7  CFD  SUMMARY 

This  project  has  provided  an  opportunity  for  AEDC  and  DLR  to  compare  the  various  flow 
codes  at  their  disposal  with  respect  to  their  underlying  assumptions  and  algorithms  as  well  as  the 
results  that  they  produce.  New  capability  has  been  established  (e.g.,  the  NEQAIR  code  has  been 
acquired  and  is  operational  at  AEDC)  and  has  been  applied  to  conditions  typical  of  the  AEDC 
FPST  and  the  DLR  HEG.  The  code  can  provide  useful  insight  even  though  flow  contaminants 
render  direct  data  comparison  impossible.  Data  reduction  codes  have  been  compared  and  found  to 
give  very  similar  results.  The  “indirect”  heat-transfer  method  used  by  DLR  was  seen  to  have 
some  advantages  and  has  potential  applicability  at  AEDC. 

The  prediction  of  freestream  conditions  is  nontrivial  in  a  FPST.  One  of  the  main  areas  of 
uncertainty  is  the  determination  of  the  vibrational  temperature.  A  number  of  recent  indirect  mea¬ 
surements  and  CFD  predictions  at  the  DLR  HEG  indicate  that  the  vibrational  temperature,  Tv,  is 
in  equilibrium  with  the  gas  temperature,  Tg,  at  the  nozzle  exit  at  Mach  9.  Historical  evidence 
gathered  at  AEDC  and  other  facilities  throughout  the  world  indicates  that  significant  vibrational 
temperature  nonequilibrium  (Tv  »  Tg)  should  exist  at  this  Mach  number  level.  However,  other 
historical  evidence  obtained  at  AEDC  in  Tunnels  F  and  C  shows  that  contamination  (water  vapor, 
in  these  particular  cases,  by  some  as  yet  undetermined  mechanism)  can  cause  the  vibrational  tem¬ 
perature  to  return  to  equilibrium.  This  problem  is  one  of  fundamental  importance  to  high 
enthalpy,  hypersonic  ground  test  facilities,  and  might  be  addressed  with  the  pulsed  electron  beam 
fluorescence  technique  (PEBF)  to  aid  in  the  determination  of  helium  arrival  concentration  at  the 
end  of  the  facility  run  time  and  to  provide  a  direct  measurement  of  the  vibrational  temperature. 
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It  was  found  that  model  parameters  could  be  reasonably  predicted  with  conventional  CFD 
codes.  For  example,  shock  wave  location  can  be  predicted  quite  reliably.  When  used  in  conjunc¬ 
tion  with  high-speed  flow  visualization,  the  observed  change  in  shock  shape  can  be  correlated 
with  He  arrival.  Pressure  distributions  were  reasonably  well  predicted.  It  was  observed  that  pres¬ 
sure  is  relatively  insensitive  to  “real  gas”  effects.  Heat  transfer,  on  the  other  hand,  was  found  to 
be  sensitive  to  “real  gas”  effects.  The  assumption  of  a  catalytic  wall  gave  a  better  prediction  than 
that  of  a  noncatalytic  wall.  Predictions  of  heat  transfer  would  generally  be  considered  adequate. 

6.0  NONINTRUSIVE  DIAGNOSTICS 


6.1  INTRODUCTION 

6.1.1  Background 

The  utility  of  ffee-piston  shock  tunnels  in  obtaining  data  for  the  validation  of  CFD  codes  for 
the  hypersonic  regime  is  dependent  on  the  development  of  a  group  of  nonintrusive  diagnostic  tech¬ 
niques.  The  critical  nature  of  advanced  instrumentation  for  hypersonics  research,  and  the  current 
deficiencies  in  this  area,  were  made  clear  during  the  NATO  Advanced  Research  Workshop  on 
"New  Trends  in  Instrumentation  for  Hypersonics  Research,"  held  in  the  spring  of  1992  at  ONERA 
Le  Fauga-Mauzac,  France.  Many  NATO  countries  are  pursuing  the  same  types  of  diagnostic  tech¬ 
niques  at  significant  levels  of  investment,  but  with  somewhat  different  methods  of  application, 
calibration,  and  analysis.  This  cooperative  effort  provided  an  opportunity  to  reduce  the  costs  and 
time  of  development  of  advanced  instrumentation.  This  will  lead  to  a  commonality  of  calibration 
sources  and  methods,  common  procedures  for  data  uncertainty  analysis  and  reporting,  and  bench¬ 
mark  experiments  for  evaluating  new  diagnostic  techniques.  Activities  at  the  DLR  in  Gottingen  and 
at  AEDC  include  several  areas  for  such  cooperation.  Techniques  called  filtered  Rayleigh  scattering 
(FILRAY)  and  laser  diode  absoiption  (LDA)  have  been  applied  to  measure  test  gas  contamination 
in  the  FPST  at  AEDC  and  at  the  HEG,  respectively.  Other  diagnostic  techniques,  such  as  planar 
laser-induced  fluorescence  (PLIF)  and  nonabsorptive  laser  beam  transmission  (LBT),  are  being 
used  at  both  AEDC  and  the  HEG  facility.  However,  different  laser  systems  and  data  reduction  tech¬ 
niques  have  been  developed  at  the  different  facilities.  This  provided  another  opportunity  to 
exchange  systems  and  obtain  comparative  data. 

The  high  enthalpy  and  short  test  times  of  the  FPST  present  a  significant  challenge  in  making 
the  desired  measurements  of  freestream  and  model  flow-field  and  surface  conditions.  Further¬ 
more,  the  range  of  freestream  static  temperature  (400  to  3000K)  and  molecular  number  density 
(3  x  1016  molecules/cm3  to  9  x  10 16  molecules/cm3)  also  limit  the  types  of  techniques  that  are 
applicable  and  challenge  the  dynamic  range  of  the  measurement  system.  However,  nonintrusive 
diagnostic  techniques  offer  the  potential  for  obtaining  much  of  the  needed  information,  and  a 
number  of  these  techniques  have  been  in  the  development  process  for  many  years. 
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6.1.2  Information  Potential  and  Techniques 

An  integral  part  of  this  program  was  an  ambitious  plan  for  the  use  of  nonintrusive  diagnostics 
to  provide  key  information  about  the  flow  field.  The  requirements  for  NID  are  to  provide  multiple, 
independent  measurements  to  yield  information  about  run  time,  thermal  nonequilibrium,  spatial 
variations  of  flow  properties,  flow  temporal  evolution,  and  particulate  contamination.  Numerous 
NID  techniques  in  various  stages  of  development  were  considered  for  application  at  the  AEDC 
Impulse  Facility  and  the  DLR  HEG.  Some  of  these  techniques  are  listed  in  Tables  9  and  10.  The 
tables  also  note  some  of  the  technical  details  of  the  different  methods.  The  list  of  information  that 
can  potentially  be  provided  by  NID  is  rather  lengthy  and  is  given  in  Table  11.  Unfortunately,  cost 
and  timeliness  considerations  limited  the  NID  techniques  undertaken  for  both  the  AEDC  Impulse 
Facility  and  the  DLR  HEG  to  those  shown  in  Fig.  3 1 . 

6.2  APPLICATIONS  AT  THE  AEDC  IMPULSE  FACILITY 

Nonabsoiptive  LBT  and  planar  Mie  (PMIE)  scattering  were  used  to  provide  information 
about  particulate  contamination  and  its  distribution  within  the  flow.  These  measurements  were 
supplemented  by  witness  plates  (WP)  to  provide  identification  and  size  of  deposited  particulate 
material.  Emission  spectroscopy  (ES)  was  used  to  identify  the  atomic  content  of  particulate  spe¬ 
cies  in  the  flow  as  well  as  to  monitor  rubidium  (Rb)  seed  material  emission  as  an  indicator  of 
helium  arrival.  LDA  was  used  with  Rb  seeding  of  the  helium  driver  gas  to  indicate  helium  arrival. 
A  crude  version  of  FILRAY  was  used  as  another  indicator  of  helium  arrival.  High-speed  flow 
visualization  (HSFV)  was  used  to  provide  shadowgraph,  schlieren,  and  holographic  interfero- 
gram  visualizaitons  of  the  flow  around  the  test  articles.  PLIF  of  nitric  oxide  (NO)  was  used  for 
rotational  temperature  and  NO  concentration  measurements. 

The  NID  applications  required  excellent  optical  access,  and  two  30-cm-diam  viewing  ports 
at  each  of  the  90-deg  positions  and  one  13-cm-diam  viewing  port  at  each  of  the  45-deg  positions 
provided  this.  The  shock  tube  gage  nearest  the  nozzle  throat  (designated  ST6)  provided  the  trig¬ 
ger  mechanism  for  all  NID  electronics. 

6.2.1  Laser  Beam  Transmission 

No  known  atomic  or  molecular  species  in  the  ground  state  in  the  Impulse  Facility  should  have 
an  absoiption  transition  at  the  632.8-nm  wavelength  of  a  He-Ne  laser.  Therefore,  any  attenuation 
of  the  beam  as  it  crosses  the  facility  would  be  a  result  of  particulate  matter  scattering  radiation  out 
of  the  beam.  A  chopped,  10-mw  He-Ne  laser  beam  was  transmitted  across  the  exit  plane  of  the 
facility  nozzle  just  upstream  of  the  test  article  as  indicated  in  Fig.  32.  The  transmitted  beam  passed 
through  a  10-nm  laser  line  filter  before  impinging  on  a  PIN  photodiode  operated  in  the  photocon- 
ductive  mode.  The  PIN  signal  was  processed  in  real  time  by  a  lock-in  amplifier  to  compensate  for 
flow-induced  background  light  levels  and  detector  bias.  The  recorded  data  were  normalized  post 
event  to  produce  flow-field  transmission  versus  time.  A  typical  data  trace  overlaid  with  the  ST6 
trace  is  also  shown  in  Fig.  32.  The  expected  time  delay  between  the  peak  of  reservoir  pressure  and 
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the  minimum  in-beam  transmission  caused  by  debris  from  the  flow  starting  process  passing 
through  the  160-cm-long  conical  nozzle  is  clearly  observed.  It  is  to  be  noted  that  the  beam  trans¬ 
mission  stays  relatively  steady  throughout  the  expected  useful  run  time  of  the  facility,  and  even 
into  the  region  where  helium  driver  gas  has  arrived  and  flow  has  broken  down.  Plots  of  the  result¬ 
ant  attenuation  versus  time  for  each  of  the  runs  are  given  in  Figs.  33  through  42.  It  is  noted  from 
Figs.  36  and  39  (Runs  29  and  32)  that  beam  transmission  does  not  fully  recover,  thus  indicating 
that  debris  is  present  throughout  the  expected  useful  run  time. 

6.2.2  Planar  Mie  Scattering 

Based  on  the  Impulse  Facility  flow  parameter  predictions,  it  was  not  believed  that  enough 
copper  atoms  in  excited  states  would  exist  in  the  flow  freestream  to  provide  absorption  of  copper 
vapor  laser  radiation  at  510  nm.  Therefore,  a  copper  vapor  laser  system  and  beam-shaping  optics 
were  used  to  provide  a  3-cm-wide  sheet  of  radiation  at  a  wavelength  of  510  nm  across  the  flow. 
The  copper  vapor  laser  output  wavelengths  are  nominally  510  and  578  nm.  The  578-nm  output 
was  used  for  filtered  Rayleigh  diagnostics  that  are  described  in  another  section  of  this  report.  The 
510-nm  radiation  was  selected  using  a  beamsplitting  filter  that  reflected  the  578-nm  light  and 
transmitted  the  510-nm  beam.  The  physical  setup  for  the  application  of  PMIE  is  shown  in  Fig.  43. 
The  laser  sheet  was  transmitted  across  the  flow  at  the  exit  plane  of  the  conical  nozzle  and  just 
upstream  of  the  test  article.  The  optical  system  was  chosen  such  that  radiation  scattered  from  the 
sheet  by  flow  molecules  and  particulates  would  be  imaged  from  the  flow  centerline  out  into  the 
nozzle  boundary  layer.  The  images  were  recorded  with  an  intensified  charge-coupled  device 
(ICCD),  a  camera  (384  pixels  x  576  pixels)  with  a  gate  width  of  100  nsec  that  bracketed  the  laser 
pulse  width  of  40  nsec.  A  510-nm,  narrow-bandwidth  filter  was  placed  before  the  ICCD  camera 
to  eliminate  stray  578-nm  and  other  scattered  radiation.  Spatial  dimension  calibrations  were  per¬ 
formed  using  a  rectangular  grid  pattern.  The  images  were  all  acquired  at  1.6  msec  from  ST6. 
Images  similar  to  that  shown  in  Fig.  43  were  obtained  with  the  laser  sheet  propagating  across  the 
flow  in  the  reverse  direction. 

6.2.3  Witness  Plates 

At  least  one  WP  was  used  on  every  facility  run  to  monitor  the  particulates  generated  by  the 
facility  flow  process.  The  plates  were  electron  microscope  sample  stubs  having  circular  surfaces 
of  11-mm  diameter.  For  particle  entrapment,  each  plate's  surface  was  coated  with  either  double¬ 
sided  sticky  tape  or  a  soft,  conductive  carbon  material.  The  plates  were  mounted  on  the  horizon¬ 
tal  90-deg  window  ledges,  which  kept  them  out  of  the  direct  and  boundary-layer  facility  flow. 
Prior  to  each  facility  run,  all  windows  and  ledge  areas  as  well  as  the  interior  of  the  conical  nozzle 
were  cleaned.  Immediately  after  a  facility  run,  the  WP  were  collected,  sealed,  and  transmitted  to 
the  AEDC  Chemical  Laboratory  for  analysis. 
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6.2.4  Emission  Spectroscopy 

Emission  spectroscopy  was  used  to  monitor  the  self-radiation  from  the  Impulse  Facility  flow 
and  assist  in  the  evaluation  of  the  LDA  technique,  as  shown  in  Fig.  44.  Using  a  200-mm  focal 
length  lens,  radiation  from  the  flow  was  imaged  onto  the  entrance  slit  of  a  0.275-m  focal  length 
spectrometer,  and  an  intensified  charge-coupled  device  (ICCD)  (384  pixels  x  576  pixels)  was  used 
for  detection.  The  system  was  focused  using  an  incandescent  light  at  the  observation  volume  and 
was  aligned  using  a  HeNe  laser;  the  slit  was  imaged  1  mm  upstream  of  either  the  calibration  rake's 
hemispherical  probe  or  the  nose  of  the  test  article,  and  at  the  vertical  centerlines  of  the  articles.  For 
all  runs,  a  1200-groove/mm  holographic  grating,  a  central  wavelength  of  780  nm,  and  a  250- pm 
entrance  slit  width  were  used.  The  resultant  spectral  resolution  was  approximately  1.0  nm  FWHM, 
and  the  spectral  range  was  from  765  to  795  nm.  The  intensifier  gate  width  was  nominally  100  psec. 
Various  sampling  times  were  used.  Through  pixel  binning,  eight  5.44-mm  vertical  regions  for  the 
calibration  rake  or  eight  6.10-mm  vertical  regions  for  the  test  article  were  observed  (the  pixel 
heights  were  magnified  4.93x  and  5.52x,  respectively,  onto  the  observation  volume).  This  provided 
spectra  from  the  bow  shock  region  out  into  the  freestream. 

6.2.5  Laser  Diode  Absorption 

Non-naturally  occurring  Rb  was  seeded  into  the  Impulse  Facility  driver  gas,  and  the  pres¬ 
ence  of  the  Rb  was  detected  with  absoiption  spectroscopy  using  a  tunable  laser  diode  operating  at 
a  nominal  780.2  nm  that  accesses  the  5S1/2  — >  5P3/2  transition  of  Rb.  This  technique  had  been 
previously  demonstrated  at  the  DFR/HEG  (Ref.  31). 

The  Rb  was  obtained  as  RbN03  (rubidium  nitrate)  that  was  precisely  dissolved  in  water  to 
facilitate  the  seeding  process.  A  precise  volume  of  the  mixture,  which  determined  the  grams  of 
Rb  seed,  was  applied  either  on  the  driver  gas  diaphragm  or  on  the  “insert  wall”  just  upstream  of 
the  diaphragm.  Rb  seed  levels  ranged  from  143  micrograms  to  30  milligrams. 

Prior  to  application  at  the  Impulse  Facility,  the  FDA  technique  was  demonstrated  in  the 
AEDC  laboratory  shock  tube/tunnel  as  shown  in  Fig.  45.  The  FDA  system  consists  of  a  GaAlAs 
single-mode  laser  diode  operating  at  approximately  5-mw  continuous  laser  power.  The  laser  is 
wavelength  tuned  across  the  Rb  absoiption  transition  at  780.2  nm  at  a  15-kHz  rate  by  varying  the 
laser  diode  current.  The  laser  wavelength  is  monitored  by  directing  a  portion  of  the  laser  beam 
through  a  Rb  reference  cell.  Absoiption  in  both  the  reference  cell  and  the  test  facility  is  moni¬ 
tored  by  silicon  photodiodes,  and  the  output  is  recorded  on  a  high-speed  digital  oscilloscope.  In 
the  laboratory  shock  tube/tunnel,  the  laser  beam  path  was  through  the  shock  region  just  in  front  of 
a  small-scale  model.  Shown  in  Fig.  45  is  a  raw  data  trace  from  a  laboratory  shock  tunnel  run  with 
seeding  of  the  driver  gas.  The  arrival  of  the  helium  driver  gas  is  clearly  shown. 

Because  the  laser  diode  wavelength  is  being  scanned  in  time  and  the  amount  of  absoiption 
and  laser  power  is  also  a  function  of  time,  the  FDA  data  are  three-dimensional.  Special  software 
was  developed  for  the  FDA  data  reduction  process  and  is  presented  in  detail  in  Appendix  2. 
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Reduced  data  are  presented  in  the  formats  shown  in  Fig.  46.  The  three-dimensional  data  are  pre¬ 
sented  with  laser  frequency  (wavelength)  as  the  ordinate,  time  or  scan  number  as  the  abscissa,  and 
beam  transmission  value  as  a  color  scale.  At  any  selected  tunnel  run  time,  an  absoiption  profile 
can  be  obtained.  A  multiparameter  fit  of  a  spectrophysical  model  to  this  profile  can  yield  static 
pressure  and  temperature  information.  By  integrating  the  transmission  over  the  absorption  profile 
the  arrival  of  the  helium  in  the  laboratory  shock  tunnel  can  be  more  clearly  seen. 

The  LDA  apparatus  was  set  up  at  the  Impulse  Facility  as  it  was  for  the  laboratory  shock  tunnel. 
However,  in  this  case  the  laser  beam  was  directed  through  the  test  cell  freestream  approximately 
4.5  in.  (1 1.4  cm)  below  the  test  article  tip.  The  operating  procedure  for  the  Impulse  Facility  was 
essentially  the  same  as  that  for  the  shock  tunnel.  The  RbN03  solution  was  “painted”  onto  the  driver 
gas  diaphragm  or  on  the  “insert  wall”  using  a  very  small  brush  and  then  dried  using  a  heat  gun.  Dry¬ 
ing  time  was  dependent  on  the  amount  of  solution  applied,  and  this  time  ranged  from  two  to  ten 
minutes.  This  seed  insertion  was  done  just  prior  to  final  assembly  or  “loading”  of  the  Impulse  Facil¬ 
ity.  The  optical  alignment  of  the  laser  beam  through  the  test  cell  and  alignment  onto  the  absorption 
photodetector  were  verified  as  final  evacuation  of  the  test  facility  was  implemented.  In  addition  to 
optical  alignment,  the  laser  operating  frequency  and  scan  range  were  verified  by  monitoring  the 
real-time  absoiption  feature  obtained  from  the  Rb  reference  cell  located  with  the  laser.  Adjustment 
of  the  laser  frequency  was  accomplished  with  a  small  adjustment  in  the  laser  temperature.  How¬ 
ever,  the  laser  frequency  stability,  after  a  30-minute  warmup,  was  extremely  reliable  and  seldom,  if 
ever,  required  adjustment.  The  only  adjustment  sometimes  made  was  to  ensure  that  the  laser  fre¬ 
quency  scan  was  centered  on  the  Rb  absorption  signal  out  of  the  Rb  reference  cell.  Once  the  test 
area  was  evacuated  no  further  adjustments  were  possible,  as  there  were  no  remote-control  systems 
associated  with  the  LDA  system.  As  noted  earlier  in  this  report,  the  data  acquisition  system  con¬ 
sisted  of  a  high-speed  digital  oscilloscope.  At  completion  of  the  facility  run,  the  data  from  the  oscil¬ 
loscope  were  downloaded  as  either  an  ASCII  or  binary  file  and  then  transferred  to  a  PC  system  for 
plotting  using  standard  plotting  routines  for  initial  data  reduction.  The  data  were  then  transferred  to 
a  workstation  for  more  detailed  analysis  and  presentation,  as  described  in  Appendix  2. 

6.2.6  Filtered  Rayleigh  Scattering 

The  physical  layout  for  the  FILRAY  application  is  shown  in  Fig.  47.  The  578.2-nm  beam 
from  the  copper  vapor  laser  was  brought  into  the  Impulse  Facility  in  a  direction  almost  directly 
opposed  to  the  general  flow  velocity  vector  in  order  to  maximize  the  Doppler  shift  of  Rayleigh- 
scattered  radiation.  The  Rayleigh  scattering  from  a  point  along  the  laser  beam  in  the  flow  core  was 
collected  and  imaged  through  a  gaseous  iodine  filter  onto  a  photomultiplier  tube  (PMT).  The  spec¬ 
tral  line  shape  of  the  copper  laser  overlaps  a  number  of  molecular  iodine  transitions  as  shown  in 
Fig.  47,  and  the  use  of  this  filter  serves  to  prevent  laser  radiation  scattered  from  test  cell  surfaces 
from  reaching  the  PMT.  When  facility  flow  is  established,  the  Doppler-shifted,  Rayleigh-scattered 
light  is  transmitted  by  the  iodine  filter.  The  iodine  filter  was  heated  to  100°C  in  order  to  maintain  a 
fully  vaporized  state  and  prevent  condensation  of  the  iodine  on  the  filter  windows.  Because  the 
Rayleigh-scattering  cross  section  for  the  helium  driver  gas  is  approximately  80  times  smaller  than 
that  for  the  test  gas,  the  Rayleigh  signal  should  drop  steadily  as  the  helium  driver  gas  arrives.  This 


37 


AEDC-TR-01  -5 


technique  was  successfully  demonstrated  in  the  laboratory  shock  tube/tunnel  using  an  argon-ion 
laser  output  at  5 14.5  nm,  which  was  a  near  perfect  match  to  an  iodine  filter  absoiption  line.  Unfor¬ 
tunately,  in  the  highly  self-radiating  environment  of  the  Impulse  Facility,  a  pulsed  laser  such  as  the 
copper  vapor  laser  system  had  to  be  used.  The  copper  vapor  laser  was  operated  at  a  reprate  of  15 
kHz  with  pulse  energy  of  approximately  1  mJ  and  a  pulsewidth  of  25  nsec.  The  PMT  output  was 
recorded  using  two  gated  integrators,  each  with  a  200-nsec  gatewidth.  One  integrator  was  centered 
around  the  laser  pulse,  and  the  other  integrator  recorded  the  background  signal  between  the  laser 
pulses.  The  gated  integrator  output  was  recorded  on  a  digital  oscilloscope.  The  oscilloscope  was 
triggered  by  the  output  from  a  pressure  transducer  at  the  nozzle  entrance. 

6.2.7  High-Speed  Flow  Visualization 

The  HSFV  system  for  obtaining  temporally  resolved  shadowgraph,  schlieren,  and  holo¬ 
graphic  interferometry  images  of  the  flow  over  the  test  article  is  shown  in  Figs.  48  and  49.  The 
heart  of  the  system  is  a  copper  vapor  laser  system  and  its  companion  rotating  drum  streak  cam¬ 
era.  The  copper  vapor  laser  can  operate  at  a  pulse  rate  up  to  50  kHz  with  a  pulse  width  of  25  nsec. 
The  laser  has  a  dual  line  output  of  35  w  at  a  20-kHz  pulse  rate.  The  wavelengths  of  the  outputs 
are  510  nm  (67  percent  of  power)  and  578  nm  (33  percent  of  power),  and  the  beam  diameter  is 
approximately  25  mm.  The  camera  drum  rotates  at  a  maximum  rate  of  300  ips  (18,000  lpm)  and 
carries  a  1.0-m  length  of  35-mm  film.  Image  height  (across  the  filmstrip)  is  fixed  at  25  mm. 
Image  length  (along  the  filmstrip)  can  be  adjusted  by  selecting  either  a  17-,  10-,  or  6-mm  mask, 
corresponding,  respectively,  to  a  maximum  of  58,  100,  or  166  frames  per  filmstrip.  By  choosing  a 
laser  pulse  rate,  mask  size,  and  appropriate  drum  rpm,  the  user  can  optimize  the  image  acquisi¬ 
tion  either  toward  maximum  image  FOV/resolution  or  toward  time-sequence  duration. 

6.2.7. 1  Shadowgraph/S  chlieren 

The  shadowgraph/schlieren  system  utilized  a  12-in.  (~300-mm)-diam,  Z-path  spherical  mirror 
layout  (see  Fig.  48).  The  mirror  focal  lengths  are  90  in.  (2.29  m).  Because  the  window  clear  aper¬ 
ture  was  11  in.  (280  mm),  the  system  F-number  was  approximately  8.  The  copper  vapor  laser’s 
green  output  (wavelength  =  510  nm)  was  used  while  the  yellow  output  (wavelength  =  578  nm)  was 
used  for  another  diagnostics  technique.  A  correction  optic  was  employed  on  the  receiver  side  to 
reduce  the  astigmatism  induced  by  the  Z-path  spherical  optics  system.  The  entire  system  was 
mounted  on  vibration-isolation  optical  tables.  The  image  aperture  and  drum  speed  were  selected  on 
the  basis  of  the  number  of  frames  and  the  frame  rate  desired.  It  is  important  to  remember  that  the 
camera  is  actually  a  streak  camera  with  the  laser  strobing  action  performing  a  pseudo-framing 
function.  Imaging  was  performed  in  the  shadowgraph  or  schlieren  mode. 

6.2. 7. 2  Holographic  Interferometry 

The  physical  layout  of  the  holographic  interferometry  (HI)  system  is  shown  in  Fig.  49.  The 
copper  vapor  laser  beam  was  first  filtered  longitudinally  and  spatially,  and  reduced  to  one  polariza¬ 
tion.  It  was  then  split  into  reference  and  object  beams.  The  object  beam  was  then  expanded  by  a 
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lens,  collimated  by  the  12-in.  spherical  mirror  and  transmitted  through  the  test  section,  where  it 
interacted  with  the  flow  field.  On  the  receiver  side  of  the  tunnel,  the  second  12-in.  diameter  spher¬ 
ical  mirror  condensed  the  object  beam.  Researchers  at  North  Dancer  Laboratories,  Inc.  (NDL)  pro¬ 
vided  the  holographic  camera.  Although  the  copper  vapor  laser  system  is  a  multimode  laser,  NDL 
developed  proprietary  techniques  to  record  the  holograms.  The  holographic  camera’s  rotating  film 
disk  was  placed  at  the  point  where  the  beam  reached  a  diameter  of  5  mm.  The  reference  beam  was 
relayed  around  the  test  section  to  the  receiver  side  of  the  tunnel  and  also  was  reduced  to  a  diameter 
of  5  mm  and  co-impinged  on  the  holodisk.  In  addition,  schlieren  images,  created  by  placing  a  knife 
edge  at  the  focal  point  of  the  object  beam  after  it  passed  through  the  transparent  holodisk,  were 
recorded  using  the  drum  camera.  Both  holographic  cinematography  and  schlieren  data  were 
acquired  in  this  way  during  Impulse  Facility  Runs  33  and  35.  The  data  sets  consist,  respectively,  of 
34  and  3 1  flow-field  images  recorded  at  8  kHz. 

The  holographic  data  were  processed  by  NDL  personnel  using  a  phase-shift  interferometry 
technique  to  extract  the  time-resolved  distribution  of  gas  density  across  the  nozzle  flow.  An  optical 
system,  including  a  reference  beam  and  shearing  interferometer,  was  set  up.  Shearing  distance/angle 
of  the  phase-shifting  apparatus  was  calibrated  using  optical  geometry  and  fringe  visualization.  Holo¬ 
grams  were  reconstructed,  and  three  phase-shifted  640  x  480  digital  interferogram  images  were 
acquired  for  each  time  frame,  including  one  “no-flow”  frame.  Digitized  images  were  aligned  using 
the  test  article  shadow.  Phase  maps  were  extracted  for  each  time  frame  by  masking  out  the  object, 
calculating  the  modulo  2rc  phase,  subtracting  the  "no-flow"  phase  map,  phase  unwrapping,  and  inte¬ 
grating  the  sheared  phase.  Gas  number  densities  were  calculated  based  on  the  refractive  index  from 
phase  map,  tube  geometry,  and  wavelength.  For  comparison,  densities  were  computed  for  a  limited 
number  of  time  frames  using  conventional  interferometry  (i.e.,  creating  interferograms  by  physically 
overlaying  the  “no-flow”  and  “flow-on”  holograms).  Complete  details  of  the  holography  data  pro¬ 
cessing  are  in  Appendix  3. 

6.2. 7. 3  Digital  Movies 

The  process  for  creating  digital  movies  from  the  drum  camera  film  is  illustrated  in  Fig.  50. 
After  exposure  of  the  1.0-m-long  strip  of  35-mm  film,  the  filmstrip  is  chemically  processed  in  a 
developing  canister  and  dried.  A  flatbed  scanner  is  used  to  acquire  high-resolution  digital  images 
of  the  filmstrip  negative.  Because  of  scanner  length  limitations,  the  image  is  acquired  as  several 
overlapping  subimages.  Custom  software  is  used  to  locate  and  crop  each  individual  frame  from 
the  subimages.  The  unique  images  are  batch  processed  (mirrored  left  to  right,  made  film  positive, 
and  enhanced)  and  saved  under  temporally  significant  filenames.  A  title  frame  is  added,  and  a 
digital  movie  is  created  using  commercially  available  software.  The  complete  details  of  this  pro¬ 
cess  are  given  in  Appendix  4. 

6.2.8  Planar  Laser-Induced  Fluorescence 

The  physical  setup  for  PLIF  is  shown  in  Fig.  51.  Dual  Nd:YAG/dye/frequency-mixing  laser 
systems  and  beam-shaping  optics  were  used  to  generate  two  overlapping  sheets  of  laser  radiation 
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at  nominal  226-nm  wavelengths,  exciting  selectable  transitions  in  the  NO  gamma  bands.  Wave¬ 
lengths  were  determined  using  an  NO  reference  cell  and  a  pulsed  UV  wavemeter.  From  measure¬ 
ments  of  the  fluorescence  signals  and  their  ratios,  rotational  temperature  and  number  density  of 
NO  can  be  determined.  The  observed  PLIF  sheet  dimensions  are  typically  3  cm  wide  and  17.5  cm 
in  length,  with  the  sheet  thickness  maintained  at  approximately  0.5  mm  to  prevent  saturation  of 
the  excitation  transitions.  The  sheets  impinge  on  the  test  article  at  a  selected  distance  from  the 
nose-tip  region  in  order  to  avoid  interference  from  the  strong  radiation  from  this  region.  The  two 
laser  pulses  are  temporally  separated  by  approximately  300  nsec.  Fluorescence  images  were 
obtained  with  a  pair  of  ICCD  cameras  (384  x  576  pixels)  with  intensifier  gatewidths  set  at  300 
nsec.  The  ICCD  cameras  were  turned  such  that  the  576-pixel  dimension  was  vertical.  The  PLIF 
images  were  obtained  at  a  nominal  1.6  msec  from  the  ST6  pulse.  A  static  calibration  cell  with 
known  NO  concentrations  was  placed  over  the  nose  of  the  model.  A  series  of  calibration  mea¬ 
surements  was  made  at  different  pressures  and  NO  densities.  Energy  differences  between  the  two 
lasers  were  eliminated  by  recording  the  energy  of  the  individual  laser  pulses  and  normalizing  the 
PLIF  images.  Transmission  losses  through  the  optics  and  test-cabin  windows  were  measured  to 
be  approximately  70  percent  for  each  beam. 

6.3  IMPULSE  FACILITY  DATA  ANALYSIS 

6.3.1  Impulse  Facility  NID  Data  Log 

A  log  of  the  nonintrusive  data  obtained  in  the  AEDC  Impulse  Facility  is  shown  in  Table  12. 

6.3.2  Flow  Particulate  Contamination 

Two  WPs  (one  of  each  coating  type)  from  Run  26  were  analyzed  with  a  scanning  electron 
microscope  (SEM)  and  using  SEM  x-ray  energy  dispersive  analysis.  Subsequently,  SEM  instru¬ 
mentation  failures  prevented  further  analysis  of  the  WP.  The  sizes,  populations,  and  elemental 
constituencies  of  the  particles  on  each  WP  were  very  similar.  The  particle  population  was 
reported  as  low,  with  sizes  ranging  from  ~5  to  ~300  pm  and  shapes  ranging  from  rectangular  to 
spherical.  Some  particles  were  composed  primarily  of  Fe,  and  many  were  composed  primarily  of 
two  or  more  elements  such  as  Fe,  Ca,  Si,  K,  Al,  S,  and  Cr.  Other  trace  elements  detected  were  Cl, 
Mn,  Ti,  Ni,  and  Cu.  Several  organic  particles  and  one  Si  fiber  were  identified.  Possible  sources  of 
the  particles  include  tunnel  walls,  diaphragms,  the  piston,  and  residual  test  section  matter. 

Table  13  gives  a  tabulation  of  the  LBT  data  obtained  from  facility  Runs  23  through  35  for 
which  the  nozzle  throat  material  was  Fansteel  60,  a  tantalum-tungsten  steel  alloy  which  has 
proved  to  be  the  most  durable  throat  material  used  to  date.  For  Runs  26  through  35  the  facility 
particle  stopper  was  in  place  to  prevent  large  particles  from  impinging  directly  on  the  test  article. 
As  can  be  seen  from  the  table,  the  time  from  ST6  to  the  minimum  transmission  peak  correlates 
with  the  average  flow  time  through  the  nozzle  within  ±12  percent. 
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When  a  plot  of  average  beam  transmission  during  the  estimated  run  time  of  the  facility  versus 
nozzle  stagnation  pressure  is  constructed,  as  shown  in  Fig.  52,  it  appears  that  a  nozzle  stagnation 
pressure  of  1 000  atm  is  almost  like  a  barrier.  That  is,  if  the  pressure  is  less  than  1 000  atm,  the  beam 
transmission  is  excellent;  if  the  pressure  is  greater  than  1 000  atm,  then  the  flow  is  optically  thick. 

Assuming  a  geometric  extinction  cross  section,  a  50-pm-diam  monodisperse  particulate  size 
distribution  based  on  witness  plate  sample  analysis,  and  a  uniform  spatial  distribution,  an  average 
particle  number  density  of  57.2  particles/cm  can  be  estimated  for  the  flow  during  the  predicted  run 
time  as  long  as  nozzle  stagnation  pressure  remains  less  than  1000  atm.  Assuming  a  5 -msec  erosion/ 
ablation  period  and  iron  as  the  predominant  material,  then  approximately  1 5  g  are  eroded  per  run. 

Based  on  the  PMTF,  results  shown  in  Fig.  43,  a  two-layer  model  can  be  invoked.  Using  this 

■5 

model,  the  core  particle  number  density  is  8.1  particles/cm  ,  and  the  shear  layer  density  is  339.6 
particles/cm3. 

6.3.3  Flow  Start  Process 

High-speed  shadowgraph/schlieren  flow  visualization  was  performed  for  six  Impulse  Facility 
runs  with  the  copper  vapor  laser  operating  at  from  8  to  25  kHz.  Each  image  sequence  consisted  of 
nominally  100  frames,  representing  from  12.5  to  4.0  msec,  respectively,  of  elapsed  time.  The 
choice  of  the  10-mm  mask  provided  a  relatively  long  time  record  without  severely  compromising 
image  resolution.  The  laser  pulse  string  was  initiated  by  the  shock  tube  gate  (rise  in  nozzle  reser¬ 
voir  pressure,  ST6).  Representative  image  sequences,  selected  to  illustrate  the  Impulse  Facility 
flow  start  process,  are  presented  for  Runs  30  through  35  in  Figs.  53  through  58.  Corresponding 
plots  of  nozzle  reservoir  pressure  and  model  nose  temperature  and  pressure  are  included.  The 
traces  indicate  that  flow  reaches  the  model  nose  within  approximately  0.3  msec  of  the  rise  in  reser¬ 
voir  pressure.  Another  0.3  to  0.7  msec  is  required  for  establishment  of  the  target  flow  condition, 
depending  upon  the  run  parameter  values  selected.  Data  for  the  runs  indicate  that  under  normal 
operation  the  starting  process  is  completed  in  less  than  1.0  msec  after  the  indicated  reservoir 
pressure  rise. 

6.3.4  Flow  Steadiness 

Representative  image  sequences,  selected  to  illustrate  the  Impulse  Facility  flow  steadiness, 
are  presented  for  Runs  30  through  35  in  Figs.  59  through  64.  The  included  model  nose  tempera¬ 
ture  and  pressure  data  traces  indicate  that  the  flow  condition  was  relatively  constant  during  the 
nominally  1.0-msec  measurement  window.  Figure  65  shows  holographic  imaging  data  that  indi¬ 
cate  the  steadiness  of  freestream  number  density  during  the  nominal  measurement  window. 

6.3.5  Helium  Arrival 

HSFV  images  were  also  utilized  to  detect  He  arrival.  Shock  shapes  taken  from  various  camera 
frames  from  Impulse  Tunnel  Run  35  (see  Fig.  64)  were  related  to  elapsed  time  and  shown  previ- 
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ously  in  Fig.  25.  The  shock  shape  data  indicate  He  arrival  is  spread  over  the  3.0-  to  3.3-msec  time 
increment.  As  noted  earlier,  the  facility  code  predicts  He  arrival  within  this  band,  at  3.15  msec. 

Table  14  is  a  tabulation  of  information  on  helium  arrival  provided  by  LDA,  FILRAY,  and 
HSFV.  The  earliest  detection  of  Rb  by  LDA  is  nearly  as  early  as  the  flow  establishment  time.  It  is 
speculated  that  residual  Rb  circulating  in  the  test  section  as  a  result  of  prior  seeding  experiments 
is  causing  a  false  indication  of  helium  presence  at  these  early  times.  LDA  peak  absoiption  times 
as  well  as  FILRAY  rollover  time  indicate  helium  arrival  at  2.5  msec  past  ST6. 

6.3.6  Flow  Static  Properties 

PLIF  images  were  taken  on  Runs  30  through  35  at  NO  excitation  wavelengths  of  225.134 
and  225.716  nm.  A  collage  of  the  raw  images  (in  pseudo  color)  is  shown  in  Fig.  66.  Flow  is  left  to 
right;  laser  beam  propagation  direction  is  top  to  bottom.  Images  for  Run  30  are  centered  on  the 
bow  shock  and  cover  an  area  of  about  5.1  in.  in  height.  All  other  images  are  centered  above  the 
shock  and  cover  an  area  of  about  7.5  in.  in  height.  No  signal  was  measured  for  Run  34  on  image 
(a).  The  image  for  Run  35  (b)  shows  a  dark  band  at  the  bottom  where  the  laser  sheet  penetrates 
the  shock.  Otherwise,  nonuniformity  of  the  signals  can  be  attributed  to  nonuniform  energy  distri¬ 
bution  in  the  laser  sheets,  attenuation  of  the  laser  sheet  because  of  absorption,  and  noise.  The 
image  for  Run  34(b)  appears  to  show  some  additional  nonuniformity,  but  is  suspect  considering 
the  absence  of  a  measurable  signal  on  the  corresponding  image  for  Run  34  (a).  Thus,  for  the  most 
part,  the  PLIF  images  point  toward  a  uniform  ffeestream. 

For  Run  35,  a  calibration  was  performed  as  well  (see  images  on  far  right  in  Fig.  66).  This  cal¬ 
ibration  was  attempted  by  enclosing  the  test  article  with  a  cell  with  optical  access  ports  in  the  top 
and  the  side.  The  cell  was  filled  with  a  mixture  of  NO  in  nitrogen.  However,  signal  levels  were  so 
low  that  they  could  not  be  used  for  an  absolute  calibration  of  the  PLIF  images  from  Run  35. 

Quantitative  analysis  of  the  images  from  Runs  33  and  35  was  performed  by  1)  performing  a 
background  subtraction,  2)  integrating  signals  across  the  widths  of  the  laser  sheets,  and  3)  scaling 
the  resulting  values  by  the  measured  laser  pulse  energy.  The  resulting  signal  profiles  are  shown  in 
Fig.  67,  in  which  laser  propagation  direction  is  right  to  left.  Clearly,  laser  absorption  plays  an 
important  role,  accounting  for  a  drop  in  signal  of  about  a  factor  of  two  between  the  point  where 
the  laser  sheets  enter  the  imaging  region  and  the  bow  shock.  Signal  ratios  are  shown  in  Fig.  68. 
Different  behaviors  are  observed  for  Runs  33  and  35.  For  Run  35,  a  constant  signal  ratio  is 
obtained  in  the  ffeestream.  This  would  seem  to  indicate  a  uniform  temperature  in  this  region. 
However,  the  same  is  not  the  case  for  Run  33,  where  the  signal  ratio  is  found  to  rise  steadily 
along  the  propagation  direction  of  the  laser  sheets.  Also,  a  marked  change  in  signal  ratio  is 
observed  for  Run  35  when  the  laser  sheets  cross  the  bow  shock.  The  same  effect  is  not  observed 
for  Run  33.  For  Run  35,  if  the  predicted  ffeestream  value  of  690K  is  assigned  to  the  uniform 
region,  then  the  PLIF  signal  ratio  indicates  a  peak  temperature  of  1300K  in  the  shock. 
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6.3.7  Flow  Self-Emission 

The  Run  26  emission  spectra  in  the  limited  765-  to  795-nm  Fig.  69  showed,  except  for  two  K 
lines,  negligible  freestream  emission  but,  in  second  order,  strong  Fe  emission  near  the  probe's 
nose  (in  the  bowshock).  The  spectroscopic  presence  of  Fe  is  consistent  with  the  finding  of  iron 
filings  on  model  noses  after  runs.  All  succeeding  runs  used  a  long-wavelength  pass  filter  to  elimi¬ 
nate  second-order  spectra.  Weaker  first-order  Fe  emissions  were  later  recorded  in  the  brightest 
shock  regions.  Except  for  the  occasional  appearance  of  the  793.313-nm  Cu  atomic  line  and  the 
above-mentioned  Fe  lines,  the  only  spectral  lines  recorded  were  the  two  K  lines  at  766.491  and 
769.898  nm  and  Rb  lines  at  780.023  and  794.760  nm.  A  typical  spectrum  is  shown  in  Fig.  70.  No 
other  species  emission  was  found  overlapping  the  780.023  nm  Rb  line.  In  general,  concerning  Rb 
emission:  1)  its  strength  was  a  direct  function  of  Rb  seed  level;  2)  relative  to  freestream,  it  was 
strong  in  the  shock;  and  3)  it  was  detected  between  2.6  and  3.6  msec  past  the  ST6  trigger.  The 
effects  of  residual  tunnel  Rb  seed  were  evident  in  succeeding  runs. 

6.4  APPLICATIONS  AT  THE  DLR  HEG 

In  September  and  October  of  1998  a  team  of  AEDC  instrumentation  engineers  traveled  to  Got¬ 
tingen  to  participate  in  a  part  of  a  shock/boundary-layer  interaction  test  program  in  the  E1EG.  Several 
diagnostic  systems  were  carried  for  application  in  the  E1EG.  These  included  lasers  for  obtaining  PLIF 
data  on  freestream  properties  in  the  E1EG,  the  AEDC  Eligh-Speed  Flow  Visualization  system  to 
record  shock  wave  patterns  in  the  interaction  region,  and  the  Laser  Beam  Transmission  System  for 
monitoring  flow  particulate  contamination. 

A  double  wedge  model  (see  Fig.  9)  was  used  to  generate  the  shock/boundary-layer  interac¬ 
tion.  The  width  of  the  model  was  340  mm,  and  the  length  of  the  first  and  second  plates  was  170 
and  150  mm,  respectively. 

6.4.1  Laser  Beam  Transmission 

The  same  setup  used  in  the  AEDC  Impulse  Facility  was  installed  on  the  EIEG  facility.  From 
the  beginning,  difficulties  were  experienced  with  the  system.  The  system  experienced  equipment 
failures  (laser),  loss  of  system  trigger  and  timing  troubles,  and  finally  a  series  of  unresolved  null 
data  sets  (possibly  caused  by  shock  deflection).  These,  coupled  with  the  pressure  of  a  pressing 
schedule  and  the  need  to  give  priority  to  the  other  diagnostics  led  to,  in  effect,  an  abandonment  of 
the  LBT  system.  The  end  result:  no  useful  data  were  produced. 

6.4.2  High-Speed  Flow  Visualization 

The  EIEG  facility  sports  a  dedicated  vibration  isolated  optical  system  used  for  Schlieren, 
shadowgraph,  and  holography.  In  the  current  campaign  it  was  set  up  to  acquire  Schlieren  images 
employing  the  same  Cu  Vapor  laser  and  drum  camera  as  was  used  as  in  the  AEDC  work.  The  sys¬ 
tem,  as  shown  in  Fig.  71,  has  1500-mm  focal  length  spherical  mirrors  in  a  Z-path  configuration  to 
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obtain  a  300-mm  diam  viewing  area.  Although  several  framing  rates  were  tried  early  on,  30  KHz 
was  settled  upon  for  the  majority  of  the  runs  before  the  frequency  shifting  technique  was 
employed.  A  5 10-nm  laser  line  filter  was  used  at  the  camera  to  exclude  flow  incandescence. 

During  the  first  phase  of  the  test  it  was  noticed  that  for  high  angles  of  attack  the  flow  field 
behind  the  downstream  shocks  (where  the  flow  had  the  highest  density  and  temperature)  became 
opaque,  or  “blacked  out”  in  the  images.  HEG  personnel  identified  the  problem  as  absorption 
caused  by  copper  vapor  contamination  in  the  flow  stream.  To  overcome  this,  a  dye  laser  was  used 
to  frequency  shift  Cu-vapor  output  of  510  to  671  nm. 

One  innovation  apparently  developed  by  personnel  at  the  DLR  and  adopted  by  the  AEDC 
team  was  the  use  of  “gray  edges.”  A  glass  photographic  plate  was  exposed  in  such  a  way  that 
when  it  was  developed  it  exhibited  transparency  on  one  half,  total  blockage  on  the  other,  and  a 
region  between  the  two  halves  with  a  linear  ramp  (gradient)  from  one  to  the  other.  This  gray  edge 
was  used  in  place  of  the  knife-edge  to  soften  the  otherwise  overly  stark  contrast.  It  was  postu¬ 
lated  that  a  variable  gray  edge  could  be  constructed  which  exhibited  a  variation  in  gradient  along 
the  edge.  When  such  a  gray  edge  was  placed  on  a  traversing  mount  that  allowed  for  its  adjust¬ 
ment  along  the  “edge,”  the  contrast  could  be  varied.  Further,  gray  edges  could  be  fabricated  to 
have  a  stepwise  variation,  or  any  other  nonlinear  profile  desired. 

6.4.3  Planar,  Laser-Induced  Fluorescence 

The  setup  is  shown  in  Fig.  72.  Dual  Nd:YAG/dye/frequency-mixing  laser  systems  and  beam¬ 
shaping  optics  were  used  to  generate  two  overlapping  sheets  of  laser  radiation  at  nominal  226-nm 
wavelengths.  Transitions  in  the  NO  gamma  bands  were  again  excited.  Wavelength  identification 
was  accomplished  using  a  pulsed  wavemeter.  Calibrations  were  performed  by  filling  the  HEG  with 
a  known  mixture  of  NO  and  N2  gas.  Instrument  timing  triggers  were  provided  by  using  a  pressure 
transducer  signal  that  occurred  approximately  150  psec  prior  to  flow  arrival.  The  trigger  signal  was 
further  delayed  until  flow  arrival  using  a  delay  generator.  The  two  laser  pulses  were  temporally 
separated  by  approximately  300  nsec.  Fluorescence  images  were  obtained  with  a  pair  of  ICCD 
cameras  (384  x  576  pixels)  with  intensifier  gatewidths  set  at  200  nsec.  The  intensifier  gates  were 
turned  on  approximately  50  nsec  before  the  laser  pulse.  Each  camera’s  optics  also  included  a  50- 
nm  bandpass  filter  centered  at  254  nm  and  a  Schott  UG-5  filter  that  was  used  to  block  scattered 
laser  light.  Spatial  calibrations  were  performed  by  imaging  a  rectangular  grid  pattern. 

6.5  HEG  DATA  ANALYSIS 

6.5.1  HEG  NID  Data  Log 

The  HEG  NID  data  log  for  those  HEG  shots  for  which  AEDC  personnel  were 
present  is  given  in  Table  15. 
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6.5.2  Flow  Particulate  Contamination 

No  usable  data  were  obtained  (see  Section  6.4.1). 

6.5.3  Flow  Start  Process 

High-speed  shadowgraph/schlieren  flow  visualization  was  performed  for  eleven  HEG  runs 
with  the  copper  vapor  laser  operating  at  15  kHz.  Each  image  sequence  consisted  of  either  54  or 
99  frames,  representing,  respectively,  3.5  or  6.6  msec  of  elapsed  time,  depending  on  the  selected 
camera  mask  and  drum  lpm.  Choice  of  the  smaller  mask  and  lower  drum  lpm  provided  a  longer 
time  record  (more  images  per  length  of  film),  but  at  the  expense  of  image  resolution.  The  laser 
pulse  string,  delayed  to  capture  the  desired  portion  of  the  run,  was  initiated  by  the  rise  in  nozzle 
reservoir  pressure,  STP1.  Representative  image  sequences,  selected  to  illustrate  the  HEG  flow 
start  process,  are  presented  for  Runs  446  through  460  in  Figs.  73  through  83.  Corresponding  plots 
of  nozzle  reservoir  and  test  section  pitot  pressure  are  included.  Because  of  the  long  delay  selected 
for  Runs  452,  453,  and  454,  supersonic  flow  over  the  test  article  was  already  established  when  the 
laser  pulse  sequence  began.  The  start  processes  of  the  HEG  and  AEDC  Impulse  Facility  are  quite 
different.  Arrival  of  the  flow  at  the  test  article  after  the  reservoir  pressure  rise  (-0.75  msec)  is  sig¬ 
nificantly  later  in  the  HEG  than  in  the  AEDC  facility  (-0.3  msec),  primarily  owing  to  the  longer 
HEG  nozzle.  The  longer  time  constant  is  also  apparent  in  the  time  required  for  the  establishment 
of  the  target  flow  condition  (1.4  to  2.0  msec  in  the  HEG,  compared  to  0.7  to  0.95  msec  in  the 
AEDC  facility).  A  significant  amount  of  secondary  flow  around  the  ends  of  the  wedge  test  article 
is  indicated  and  is  discussed  in  the  following  section.  The  adverse  effect  of  copper  absoiption, 
observed  in  the  Impulse  Facility,  was  also  a  problem  during  the  HEG  runs.  The  effects  of  both 
secondary  flow  and  copper  absoiption  are  illustrated  in  the  last  three  frames  of  Fig.  75. 

6.5.4  Flow  Steadiness 

Representative  image  sequences,  selected  to  illustrate  the  HEG  flow  steadiness  during  the 
measurement  window  period,  are  presented  for  Runs  446  through  560  in  Figs.  84  through  94. 
Corresponding  plots  of  nozzle  reservoir  and  test  section  pitot  pressure  are  again  included.  The  tar¬ 
get  flow  condition  is  established  at  nominally  2.0  msec  after  the  shock  reflects  from  the  tunnel 
end  wall  (indicated  by  the  rise  of  reservoir  pressure,  STP1).  The  flow  condition  remains  rela¬ 
tively  constant  for  at  least  0.4  msec,  during  which  time  the  primary  measurements  are  acquired. 

6.5.5  Helium  Arrival 

Initial  evaluation  of  the  HEG  images  indicates  that  it  will  be  difficult  to  determine  shock 
locations  accurately.  Copper  absoiption  in  the  high-temperature  areas  and/or  end  effects  causes 
these  areas  to  appear  dark  in  the  images.  In  some  cases  the  nose  and  even  the  remainder  of  the 
model  and  the  shock  are  obscured.  The  influence  of  driver  gas  detection  on  shock  location  has 
since  been  exhaustively  treated  and  presented  in  Ref.  8. 
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6.5.6  PLIF-NO  Data 

The  experimental  arrangement  for  the  PLIF  measurements  in  the  FIEG  is  shown  in  Fig.  95. 
This  configuration  was  used  on  Run  453  and  following  runs,  with  two  spatially  overlapping,  tem¬ 
porally  coincident  beams.  The  PLIF  measurement  volume  is  that  imaged  by  the  upper  of  the  two 
cameras.  Prior  to  Run  453,  spatially  overlapping,  temporally  separated  sheets  were  used,  with 
each  beam  imaged  by  a  separate  camera.  However,  signals  from  one  of  the  cameras  were  found  to 
be  nonexistent  or  too  small  to  be  used  for  analysis.  The  distances  from  the  top  (93  mm)  and  bot¬ 
tom  (169  mm)  of  the  imaging  region  are  measured  along  the  laser  beams  to  the  edge  of  the  flow. 
For  this  purpose,  the  flow  diameter  was  assumed  to  be  55  cm,  as  defined  by  HEG  personnel  for 
HEG  Conditions  I  and  III. 

The  three  NO  excitation  wavelengths  used  in  the  PLIF  measurements  (henceforth  referred  to 
simply  as  AT,  A2,  A3)  are  listed  in  Fig.  96.  The  first  of  these  is  the  same  as  those  used  in  Ref.  32, 
which  discusses  fluorescence  thermometry  in  optically  thick  flow.  HEG  personnel  supplied  the 
HEG  ffeestream  parameters.  The  NO  densities  and  temperatures  were  used  to  perform  the  calcu¬ 
lations  to  be  shown  subsequently  in  this  report.  Condition  IV  is  the  high-pressure  condition  at 
which  optical  flow  blockage  occurred  (on  Runs  449  and  450).  A  summary  of  the  PLIF  measure¬ 
ments  is  given,  from  which  the  most  important  point  is  that  good  data  were  obtained  on  Runs  454, 
455,  and  456. 

PLIF  images  for  Runs  454-457  are  shown  in  Fig.  97.  Flow  direction  and  laser  propagation 
direction  are  indicated  with  arrows.  Wavelengths  from  Fig.  96  are  indicated.  The  reflected  spot 
from  the  Cu- vapor  laser  is  identified,  and  the  absence  of  the  AT  beam  for  Run  457  due  to  a  missed 
trigger  is  noted. 

Figures  98  through  100  illustrate  partially  processed  data.  For  each  of  the  three  Runs  454, 
455,  and  456,  five  steps  were  required  to  obtain  vertical  signal  profiles.  First  a  background  signal 
was  determined,  and  it  was  verified  that  this  background  was  roughly  constant  outside  the  laser 
beams.  Second,  the  background  was  subtracted  from  the  signals  everywhere  in  the  image.  Third, 
left  and  right  boundaries  were  defined  for  each  laser  beam,  parallel  to  the  beam,  and  the  signals 
between  the  two  boundaries  were  integrated  for  each  row  of  pixels.  The  result  is  a  single  signal 
value  for  each  beam  for  each  row  of  pixels  (384  values  per  beam  per  image).  Fourth,  the  signal 
values  were  energy  normalized  by  converting  them  to  a  net  pulse  energy  in  the  tunnel  of  1  mJ  per 
pulse  (measured  just  inside  the  tunnel  window,  before  attenuation  by  the  flow  field).  Finally,  the 
data  were  plotted  as  a  function  of  the  propagation  distance  of  the  lasers  into  the  flow,  measuring 
from  the  edge  of  the  presumed  55-cm-diam  flow  field.  Also  shown  in  Figs.  98,  99,  and  100  are 
the  ratios  of  the  resulting  signals  as  a  function  of  the  same  propagation  distance.  Average  ratios 
with  associated  statistical  uncertainties  are  indicated. 

To  assess  the  importance  of  laser  absorption  and  spectral  hole  burning  upon  propagation  of  the 
laser  beams  through  the  flow,  the  model  from  Ref.  32  was  used.  Results  are  shown  in  Fig.  101 
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for  the  mildest  (in  terms  of  laser  absoiption)  of  the  three  calibration  conditions,  condition  III  and 
condition  I,  using  the  freestream  parameters  from  Fig.  96.  The  results  are  arranged  by  excitation 
wavelength.  Note  the  very  severe  absoiption  effect  in  the  calibration  measurements.  This  effect 
is  attributable  to  the  relatively  high  NO  concentration  (5  percent  NO  in  N2)  and,  especially,  the 
much  longer  absoiption  path  in  the  calibration  measurements  (425  to  501  mm — see  Fig.  95) 
versus  the  tunnel  runs  (93  to  169  mm).  As  a  result  it  is  exceedingly  difficult  to  interpret  the  PLIF 
data  for  the  calibration  measurements  quantitatively.  As  the  calculated  line  shapes  in  Fig.  101 
show,  the  overlap  integral  of  the  spectral  line  shape  and  the  absoiption  line  shape  are  entirely 
dominated  by  the  wings  of  the  profiles.  Correct  modeling  of  those  requires  the  inclusion  of  spe¬ 
cies-dependent,  pressure-broadening  effects.  Also,  contributions  from  neighboring  spectral  lines 
(with  different  temperature  dependence)  cannot  be  ignored,  even  if  these  lines  are  negligible  in 
optically  thin  flow.  In  conclusion:  the  calibration  measurements  did  not  provide  a  meaningful  cal¬ 
ibration.  However,  spectral  hole  burning  is  significant  for  tunnel  run  conditions  III  and  I,  but  at  a 
level  that  is  manageable  by  the  theory  from  Ref.  32. 

Continuing  with  the  theory  from  Ref.  32,  signal  profiles  and  signal  ratio  profiles  were  calcu¬ 
lated  for  the  HEG-supplied  freestream  parameters.  These  profiles  are  to  be  compared  with  the 
experimental  profiles  from  Figs.  98,  99,  and  100.  The  average  signal  ratios  from  those  pages  are 
shown  in  the  lower  plots  of  Fig.  102  and  are  seen  to  be  in  excellent  agreement  with  the  theoreti¬ 
cal  predictions.  This  implies  that  the  PLIF  measurements  are  consistent  with  the  HEG-supplied 
freestream  parameters.  Comparison  of  the  predicted  and  measured  signal  curves  also  looks  good: 
See  for  example  the  trends  for  /.  1  (strong  attenuation  upon  propagation)  and  /.2  (much  less  atten¬ 
uation)  for  Run  454  (compare  leftmost  two  plots  of  Fig.  98  and  top-left  plot  of  Fig.  102). 

At  this  point  there  are  three  items  that  can  be  identified  for  followup  work: 

1)  An  explicit  calculation  of  the  NO  temperature  and  density  in  the  freestream  region  from 
the  experimental  PLIF  data,  following  the  optically  thick  laser  absoiption  model  that  is 
developed  in  Ref.  32; 

2)  An  exploration  of  an  extension  of  Ref.  32  to  more  fully  take  into  account  the  observed 
laser  sheet  attenuation  in  the  PLIF  images; 

3)  A  sensitivity  study  to  look  at  the  possible  effect  of  a  boundary  layer  on  the  measured  NO 
densities  and  temperatures. 

Using  the  theory  from  Ref.  32,  an  explicit  estimate  was  made  of  the  NO  density  and  temper¬ 
ature  for  run  condition  III.  This  was  accomplished  by  combining  the  measured  PLIF  signal  ratios 
from  Runs  454  and  455,  both  taken  at  condition  III.  The  energy-normalized  PLIF  signal  ratios 
from  these  two  runs  were  R31  =  0.938  ±  0.008  for  Run  454,  and  R21  =  0.434  ±  0.009  for  Run  455 
(see  Figs.  98  and  99).  The  subscripts  refer  to  the  wavelengths  that  are  indicated  in  Fig.  96.  Each 
of  the  two  PLIF  signal  ratios  determines  a  set  of  three  curves  in  the  temperature-density  diagram 
shown  in  Fig.  103.  In  each  set,  the  central  curve  is  determined  by  the  measured  signal  ratio  (e.g., 
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R31  =  0.938  for  Run  454).  The  other  two  curves  are  determined  by  the  1 -sigma-adjusted  signal 
ratios  (e.g.,  R31  =  0.93  8+  0.008  and  R31  =  0.938  -  0.008  for  Run  454).  An  underlying  assump¬ 
tion  of  this  calculation  is  that  the  ffeestream  flow  has  a  top-hat  profile  with  a  diameter  of  55  cm. 
By  combining  the  two  sets  of  curves,  an  explicit  estimate  is  obtained  for  the  temperature  (T  =  582 
±  19K)  and  NO  density  [nN0  =  (5.30  ±  0.23)E+15/cc]  of  the  ffeestream  flow.  It  should  be  empha¬ 
sized  that  this  estimate  is  independent  of  the  CFD  calculations.  It  does  depend  on  the  assumption 
that  vibrational  and  rotational  temperatures  of  the  NO  molecules  are  equal.  If  this  were  not  the 
case,  a  different  NO  density  would  result.  However,  the  derived  NO  (rotational)  temperature  is 
believed  to  be  independent  of  this  assumption  (see  the  discussion  in  Ref.  32). 

Figure  104  summarizes  the  attempt  to  modify  the  two-run,  three-line  fluorescence  thermom¬ 
etry  technique  from  Ref.  32  mentioned  above  to  a  single-run,  two-line  technique.  Though  the 
attempt  proved  unsuccessful,  it  deserves  further  study  for  future  work.  The  central  idea  of  the 
attempted  extension  is  as  follows:  Rather  than  working  with  the  measured  PLIF  signal  ratios  only 
(which  are  measured  at  a  single  point  in  the  flow),  observed  attenuation  factors  of  the  laser  sheets 
should  be  included.  The  attenuation  factors  were  determined  for  the  PLIF  images  for  Runs  454, 
455,  and  456.  For  example,  for  Run  454,  the  following  attenuation  factors  were  found  for  the  two 
laser  wavelengths  (“1”  and  “3”)  used:  Pi  =  6.04  ±  0.31/m  and  b3  =  5.56  ±  0.27/m.  These  factors 
were  determined  by  curve-fitting  a  straight  line  to  the  log  of  the  PLIF  signal  ratios  as  a  function 
of  propagation  distance  into  the  flow  (see  plots  on  Figs.  98,  99,  and  100,  in  which  the  PLIF  sig¬ 
nal  is  plotted  on  a  linear  scale).  Just  as  in  the  case  of  the  measured  PLIF  signal  ratios,  the  mea¬ 
sured  values  of  the  absorption  coefficients  determine  a  set  of  curves  in  the  temperature-density 
plots  shown  in  Figs.  103,  104,  and  105.  By  combining  two  measured  attenuation  coefficients  (one 
for  each  wavelength)  and  one  PLIF  signal  ratio,  a  set  of  three  curves  is  obtained.  These  sets  of 
three  curves  are  shown  in  Fig.  104  for  Runs  454,  455,  and  456,  separately.  Ideally,  each  set  of 
three  curves  should  yield  unique  NO  density  and  temperature  values.  However,  because  there  are 
three  measured  quantities  (two  attenuation  factors  and  one  PLIF  ratio)  but  only  two  to-be-deter¬ 
mined  quantities  (NO  temperature  and  density),  an  overdetermined  system  results.  For  Run  454, 
the  three  sets  of  curves  come  close  to  having  a  common  intersection.  However,  no  common  inter¬ 
section  is  found  for  Runs  455  and  456.  Thus,  at  this  point,  it  is  not  clear  how  the  extended  theory 
can  be  of  benefit.  One  possibility  that  cannot  be  rejected  out  of  hand  is  that  the  extended  theory  is 
sound,  but  points  to  a  yet  undiscovered  problem  with  the  PLIF  measurements. 

Fig.  105  shows  the  results  of  a  second  extension  to  the  theory  in  Ref.  32.  Rather  than  assum¬ 
ing  that  the  ffeestream  flow  has  a  top-hat  NO  density  profile  with  a  diameter  of  55  cm,  it  is 
assumed  that  there  is,  in  addition,  a  boundary  layer,  in  which  the  NO  density  and  temperature  fall 
linearly  from  the  (to-be-determined)  freestream  values  to  the  values  at  the  edge  of  the  boundary 
layer  (zero  NO  density  and  ambient  temperature  =  293K).  Using  this  alternate  model,  the  explicit 
calculations  of  NO  temperature  and  density  were  repeated  for  boundary-layer  thicknesses  of  50 
and  100  mm.  In  both  cases,  PLIF  signal  ratios  from  Runs  454  and  455  were  combined  to  arrive  at 
an  estimate  of  the  NO  temperature  and  density  in  the  freestream.  The  results  are  indicated  in  Fig. 
105.  It  is  found  that  there  is  relatively  little  variation  in  the  derived  NO  temperatures.  However, 
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there  is  a  larger  effect  on  the  inferred  NO  density.  What  is  expected  is  that:  by  adding  NO  to  the 
boundary  layer,  a  smaller  NO  density  in  the  freestream  should  result  while  the  same  laser  attenua¬ 
tion  effect  is  maintained.  Note  that  for  a  full  interpretation  of  these  results,  an  independent  estimate 
of  the  actual  boundary-layer  thickness  must  be  supplied. 

6.6  DEVELOPMENT  OF  PULSED  ELECTRON  BEAM  FLUORESCENCE  TECHNIQUE 
6.6.1  Description  of  PEBF  Technique 

As  a  flow  diagnostic  technique,  electron  beam  fluorescence  (EBF)  has  been  widely  used  for 
measurements  of  densities,  temperatures,  and  velocity  distribution  functions  in  a  variety  of  low 
density  gases  (Refs.  33  and  34).  For  the  technique,  fluorescence  from  atoms  and  molecules 
excited  by  a  narrow  electron  beam  is  spectroscopically  analyzed.  All  gas  species  present  are 
accessed  simultaneously  under  electron  excitation.  The  bulk  of  EBF  work  has  used  continuous 
wave  (cw)  electron  guns  whose  output  currents  are  typically  less  than  10  ma.  For  most  gases,  col- 
lisional  quenching,  in  which  electron-excited  states  are  depopulated  by  collisions  with  other 
atoms  or  molecules  before  emission  can  occur,  limits  the  measurable  upper  density  level  to  about 
1016cm~3.  For  certain  species,  slightly  higher  densities  can  be  measured  with  the  application  of 
known  quenching  rate  constants. 

PEBF  promises  extension  of  the  EBF  diagnostic  technique  to  densities  up  to  approximately 
1018cm~3.  This  is  made  possible  by  the  development  of  pulsed  electron  guns  (PEG)  that  emit  a 
high-current  electron  pulse  in  times  of  a  few  tens  of  nanoseconds.  If  fluorescence  is  measured  dur¬ 
ing  the  initial  portion  of  a  PEG  pulse,  which  time  is  short  relative  to  the  quenching  timescale,  spon¬ 
taneous  emission  occurs  before  quenching  collisions  become  of  effect,  enabling,  in  many  gases,  a 
linearity,  or  known  relationship  between  fluorescence  strength  and  density  up  to  1018cm-3.  Also, 
the  short  pulse  enables  "instantaneous"  measurements  in  fast-changing  flows  or  flows  of  a  transient 
nature.  Gated,  intensified  CCD  cameras  are  well  suited  as  detectors  for  PEBF. 

A  PEG  pulse  is  generated  by  a  pseudospark  discharge,  the  physics  of  which  is  discussed  in 
Refs.  35  to  38.  In  this  peculiar  process,  electrons  are  forced  to  follow  field  lines  that  take  the 
longer  path  between  electrodes  and,  by  using  a  stacked  set  of  circular  electrodes  with  aligned  ori¬ 
fices,  electrons  are  accelerated  through  the  orifices  and  gain  enough  ballistic  energy  to  detach 
from  the  field  at  the  gun  exit. 

Faculty  and  students  at  the  University  of  Southern  California  (USC)  proposed  using  PEBF  for 
flow  diagnostics  (Refs.  39  and  40).  Several  years  later,  USC  faculty  and  Integrated  Applied  Phys¬ 
ics  Inc.  (IAP)  jointly  developed  an  advanced  PEG,  and  a  duplicate  PEG  was  purchased  for  testing 
at  AEDC.  USC's  PBF  experience  has  been  reported  in,  e.g.,  Refs.  41  to  43.  PEBF  has  been  used  by 
other  investigators  for,  as  an  example,  flow  visualization  in  an  ONERA  wind  tunnel. 

A  cutaway  drawing  of  the  PEG  is  shown  in  Fig.  106.  The  PEG  requires  a  specific  level  of 
vacuum  (a  differential  pumping  station  will  be  required  during  application,  as  shown  in  Fig.  107). 
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The  anode  flange  does  not  show  two  ports,  one  for  introducing  a  working  gas  and  the  other  to 
provide  gun  pumping.  A  high-voltage  trigger  electrode  initiates  the  hollow  cathode  discharge,  and 
the  electron  pulse  is  formed  and  accelerated  through  the  stacked  electrode  set.  Before  passing  the 
current-sensing  Rogowski  coil,  the  electron  pulse  passes  through  a  3-mm-diam  orifice  in  the 
anode.  Nominal  beam  characteristics  are  given  in  the  figure.  The  PEG  is  expected  to  be  capable 
of  generating  several  pulses  at  a  300-Hz  rate.  To  power  and  control  the  PEG,  a  high-voltage  pulse 
generator  (E1VPG)  and  delayed  trigger  generator  were  also  purchased  from  IAP. 

The  flow  density  of  the  FPST  is  on  the  order  of  1017cm~3,  high  enough  to  warrant  a  PEG 
application,  as  envisioned  in  Fig.  107.  Only  one  or  two  PEG  pulses  could  be  used  during  the 
several-millisecond  useful  flow  time.  After  passing  through  the  observation  volume,  the  electron 
beam  must  be  collected  by  a  current-measuring  Faraday  cup.  To  protect  the  PEG  from  harmful 
gases  and  excessive  pressures,  a  differential  pumping  section  or  fast-acting  gate  valve  (or  both) 
would  be  necessary.  PEG  shielding  would  be  required  to  reduce  the  pulse's  generated  electromag¬ 
netic  interference  to  levels  noninterfering  to  other  instrumentation. 

6.6.2  Laboratory  Development 

An  existing  laboratory  cylindrical  vacuum  tank  was  refurbished  for  initial  testing  of  the 
PEG.  Fig.  108  is  a  sketch  of  the  assembled  system.  Measuring  30  cm  in  diameter  and  65  cm  in 
length,  the  tank  is  fitted  with  a  window,  turbomolecular  pump,  pressure  gages,  gas  entry  needle 
valve,  and  gate  valve.  A  cylindrical  differential  pumping  section,  having  a  pumping  port  and 
removable  orifice  plate,  was  designed  and  fabricated  to  fit  between  the  PEG  and  gate  valve.  A 
copper,  gridless  electron  cup,  insulated  from  the  tank,  was  positioned  at  the  bottom  of  the  tank  to 
capture  the  electron  beam.  The  PEG  was  pumped  by  another  turbomolecular  pump  through  small 
diameter  tubing.  This  pump  and  two  pressure  gages  were  mounted  on  a  cylindrical,  flanged,  pipe 
section.  The  PEG  was  pumped  to  10  4  torr  and  the  tank  to  5  mtorr  before  any  firings  were 
attempted.  The  tank  was  then  filled  with  some  100  mtorr  of  dry  nitrogen  and  the  gun  with  10  to 
50  mtorr  of  either  purified  argon  or  nitrogen. 

Initiation  of  the  pseudospark  discharge  in  the  PEG  requires  that  a  negative  high-voltage 
pulse  be  applied  to  the  cathode.  This  pulse,  on  the  order  of  30  kV,  is  generated  by  the  HVPG 
shown  in  Fig.  109. 

Long  before  any  PEG  current  pulses  were  ever  detected,  many  modifications  were  made  to 
the  factory  HVPG,  mainly  because  of  failures  of  the  four  silicon-controlled  rectifier  (SCR) 
switches.  In  several  steps,  SCRs  having  a  greater  rate  of  change  of  current  with  respect  to  time 
and  dl/dt  capability  were  installed  before  the  HVPG  could  be  made  operational.  The  SCRs  are 
represented  in  Fig.  109  as  SCR  switches  1,  2,  3,  and  4.  The  high-current  pulse  generator  was  also 
modified  to  provide  the  high  drive  currents  required  by  the  high  dl/dt  SCRs.  In  addition,  it  was 
necessary  to  retrofit  the  Transmission  Line  Transformer  into  a  container  filled  with  transformer 
oil  to  suppress  high-voltage  breakdown  discharges  within  the  transformer. 
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A  PEG  pulse  can  be  initiated  either  by  the  manual  pushbutton  start  indicated  in  Fig.  109  or 
by  an  externally  applied  timing  pulse.  The  Digital  Pulse  Generator  (DPG),  implemented  by  a 
Stanford  Research  Systems,  Inc.  Model  DG535  Digital  Pulse  Generator,  produces  two  simulta¬ 
neous  trigger  pulses.  The  first  pulse  causes  the  high-current  pulse  generator  to  supply  gate  drive 
currents  to  the  four  SCR  switches.  The  SCRs  simultaneously  produce  high-current  pulses  to  drive 
the  primary  windings  of  the  transmission  line  transformer.  In  response  to  the  primary  current 
pulses,  a  high-voltage  pulse  is  produced  in  both  the  shield  and  center  conductor  of  the  trans¬ 
former  secondary  winding.  The  shield  of  the  secondary  winding  provides  the  requisite  high- 
voltage  pulse  to  the  PEG  cathode. 

The  second  pulse  produced  by  the  DPG  drives  the  delayed  trigger  generator  (DTG)  which,  in 
turn,  produces  a  negative  4-kV  pulse,  which  adds  to  the  high-voltage  pulse  induced  in  the  center 
conductor  of  the  transformer  secondary  winding.  This  combination  pulse  is  applied  to  the  PEG 
trigger  electrode  and  is  identified  in  Fig.  109  as  the  high-voltage  trigger  pulse.  A  time  delay  cir¬ 
cuit  in  the  DTG  permits  the  negative  4-kV  pulse  to  be  precisely  delayed  so  that  its  peak  value  is 
simultaneous  with  the  peak  value  of  the  high-voltage  cathode  pulse.  The  4-kV  differential 
between  the  trigger  electrode  and  the  surrounding  hollow  cathode  causes  an  electrical  discharge 
to  be  established  in  a  smaller  hollow  cathode  structure  which  encloses  the  trigger  electrode  and 
incorporates  a  small  exit  orifice.  This  discharge  then  initiates  the  pseudospark  discharge. 

A  Rogowski  coil  assembly  attached  to  the  PEG  is  used  to  monitor  the  electron  beam.  The 
copper  electron  cup  is  also  used  to  monitor,  as  well  as  terminate,  the  electron  beam  produced  by 
the  PEG.  A  0.1 -ohm,  zero-inductance,  sense  resistor  senses  electrical  current  flowing  from  the 
electron  cup  to  ground. 

After  many  firing  attempts,  indications  of  PEG  current  began.  It  may  be  that  the  PEG  elec¬ 
trodes  had  been  undergoing  a  conditioning  process,  as  reported  in  pseudospark  gun  literature. 
Upon  an  inspection  of  the  anode  exit  orifice  flange,  it  was  noticed  that  the  beam  had  impinged  ran¬ 
domly  about  the  orifice,  being  as  much  as  5  mm  off  axial  centerline.  This  is  consistent  with  the 
observation  that  only  occasional  significant  current  pulses  were  being  measured.  Typical  electronic 
waveforms  associated  with  PEG  operation  are  shown  in  Fig.  110.  The  trigger  signal  initiates  the 
sequence  of  events.  The  pseudospark  pulse  occurs  some  6.9  msec  after  application  of  the  trigger 
signal  and  persists  for  a  period  of  10  to  20  nsec.  Since  a  calibration  constant  has  not  yet  been  estab¬ 
lished  for  the  Rogowski  coil,  only  its  output  voltage  characteristic  is  shown  in  the  figure.  The 
waveforms  were  recorded  at  a  sampling  interval  of  10  nsec/div  so  that  the  electron  cup  signal, 
which  lasts  only  1 0  to  20  nsec,  is  undersampled.  Therefore,  the  true  peak  values  of  the  electron  cup 
signal  are  not  known.  However,  the  peak  recorded  voltage  of  4  volts  and  the  sense  resistor  value  of 
0. 1  ohm  leads  to  an  indicated  peak  value  for  the  electron  beam  current  of  40  amp.  New  maximum 
values  of  current  were  gradually  established  as  firings  continued. 

To  record  PEBF,  a  200-mm  focal  length  lens  focused  fluorescence  through  the  tank's  fused 
silica  window  onto  the  slit  of  an  Acton  Research  Corporation  0.275-m  spectrometer,  which  was 
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fitted  with  a  Princeton  Instruments,  Inc.  ICCD  camera.  The  camera  was  gated  with  the  PEG  cur¬ 
rent  pulse.  A  PEBF  spectrum  is  shown  in  Fig.  Ill,  which  is  the  N2+  First  Negative  System's  (0,0) 
band  at  391.4  nm. 

6.7  NID  SUMMARY 

6.7.1  Technical  Conclusions 

An  ambitious  but  successful  NID  program  was  executed  at  the  AEDC  Impulse  Facility  as 
well  as  at  the  DFR  HEG.  All  NID  techniques  pursued  for  application  gave  useful  results  with  the 
exception  of  the  PEBF  technique,  which,  because  of  time  and  resource  constraints,  never  pro¬ 
gressed  past  the  laboratory  development  stage.  No  Impulse  Facility-related  operational  problems 
were  encountered,  with  the  possible  exceptions  of  boundary-layer  and  recirculation  effects  on 
FDA  measurements  and  potential  copper  absoiption  effects  on  HSFV  for  some  conditions.  At  the 
DFR  HEG  the  copper  absoiption  effect  was  significant,  and  the  use  of  a  dye  laser  pumped  by  the 
copper  vapor  laser  was  successful  at  circumventing  the  absoiption  problem  for  HSFV. 

It  was  determined  that  the  AEDC  Impulse  Facility  flow  is  established  within  0.67  msec  from 
the  shock  tube  gage  (ST6)  trigger  pulse,  and  a  nominal  run  time  of  2.5  msec  free  from  driver  gas 
effects  is  available  for  nozzle  stagnation  pressures  less  than  1000  atm.  Facility  flow  appears  opti¬ 
cally  thick  as  a  result  of  particulate  scattering  for  nozzle  stagnation  pressures  greater  than  1000 
atm.  By  way  of  contrast,  the  HEG  flow  requires  a  longer  time  to  establish,  some  1.4  msec,  and 
the  optically  thick  threshold  is  never  reached  since  the  HEG  operates  below  1 000  atm. 

6.7.2  Technical  Recommendations 

It  is  clear  from  the  wide  range  of  computational  predictions  of  freestream  properties  and  the 
lack  of  agreement  of  PFIF-NO  measurements  with  any  of  the  predictions,  that  considerable  work 
is  required  on  CFD  physics  models.  A  thorough  investigation  of  the  current  PFIF-NO  methodol¬ 
ogy  and  analysis  methods  using  both  the  laboratory  shock  tube/tunnel  and  the  newly  acquired 
high-temperature  calibration  cell  is  also  required.  Future  application  of  FDA  requires  the  use  of 
airtight  tubes  extending  into  the  boundary  layer  to  eliminate  boundary-layer  and  recirculation 
effects.  It  is  also  recommended  that  the  FDA  technique  be  extended  to  yield  information  on  flow 
velocity.  As  the  question  of  vibrational  nonequilibrium  has  not  been  resolved,  it  is  recommended 
that  the  PEBF  technique  be  developed  further,  because  it  can  readily  give  information  on  vibra¬ 
tional  temperature  for  a  number  of  species  simultaneously.  Furthermore,  the  PEBF  technique  can 
potentially  provide  quantitative  information  on  the  amount  of  helium  contaminating  the  test  gas. 

6.7.3  Benefits  to  AEDC 

As  a  result  of  this  international  cooperative  program,  AEDC  NID  capability  has  been  greatly 
enhanced.  The  HSFV  system  is  now  available  for  applications  to  hypersonic  air-breathing  propul¬ 
sion,  aero-optics,  jet  interaction,  and  ballistic  range  testing.  Indeed,  the  association  with  NDF, 
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Inc.  with  regard  to  advancements  in  high-speed  holographic  recording  has  placed  AEDC  on  the 
leading  edge  of  high-speed  visualization  capability.  The  LDA  system  methodology  has  already 
been  advanced  for  use  with  absoiption  by  O2,  H20,  and  K,  and  applications  in  turbine  engine  and 
hypersonic  air-breathing  propulsion  testing,  as  well  as  aerodynamic  testing,  are  forthcoming. 
Although  applications  of  the  PEBF  system  were  not  achieved,  the  capability  of  the  system  was 
greatly  advanced,  and  it  probably  will  become  an  outstanding  diagnostic  tool  for  the  high  Mach 
number  conditions  of  AEDC’s  Tunnel  9. 

This  international  program  has  promoted  the  association  with  colleagues  at  DLR  HEG  and 
the  international  hypersonics  ground  testing  community  through  participation  in  workshops  and 
symposiums. 

6.7.4  Benefits  to  DLR 

The  early  ties  with  AEDC  through  the  still  ongoing  Data  Exchange  Agreement  7425  have 
been  further  developed  and  reinforced  through  the  collaborative  efforts  in  this  project.  From  the 
DLR  point  of  view,  it  was  a  true  collaboration.  (Each  party  contributed  to  the  other  through 
expertise,  know-how,  and  hardware/software  knowledge  in  areas  where  the  other  may  have  had 
little  or  less  or  even  no  prior  experience.)  This  was  an  excellent  example  of  work  sharing  (union 
of  effort)  stretching  across  not  only  organizational  but  also  international  boundaries.  Of  particu¬ 
lar  interest  and  benefit  to  the  DLR  in  NID  was  the  implementation  and  successful  testing  of 
HSFV  on  HEG.  This  proved  to  be  a  most  powerful  tool  in  studying  unstationary  effects 
(boundary-layer  growth,  separation,  and  interactions)  in  flow  development. 

7.0  SUMMARY  OF  RESULTS 

This  program  has  been  a  lengthy,  in-depth,  and  very  fruitful  cooperative  effort  between  the 
engineering  staffs  at  AEDC  and  the  DLR  Institute  for  Fluid  Mechanics  in  Gottingen.  From  the 
initial  discussions  in  1994  through  to  the  final  laboratory  work  on  the  PEBF  in  2000,  the  project 
has  been  marked  by  some  significant  successes  as  well  as  the  not  unexpected,  and  usual  for  such 
a  complex  technology  program,  problems  and  difficulties.  The  most  notable  positive  result  for  the 
individuals  working  on  the  project  has  been  the  excellent  relationships  developed  and  the  high 
degree  of  cooperation  on  the  part  of  all  involved.  The  opportunity  to  learn  about,  and  from,  each 
other  has  been  a  great  benefit. 

The  project  began  with  some  ambitious  goals  involving  complementary  testing  in  the  FPST 
and  the  HEG,  NID  techniques  development  and  CFD  code  validation.  As  work  progressed  it 
became  clear  that  a  reduction  in  the  preliminary  list  of  proposed  activities  was  necessary.  The 
development  of  a  mass  spectrometer  diagnostics  system  was  eliminated  from  consideration 
because  of  the  resources  and  time  needed.  These  same  considerations  led  to  assigning  a  lower  pri¬ 
ority  to  the  PEBF  system.  During  the  course  of  the  test  work  in  the  AEDC  FPST,  hardware  fail¬ 
ures  forced  a  reduction  in  the  planned  test  program.  While  such  problems  were  not  unexpected 
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because  of  the  nature  of  the  facility,  it  was  nonetheless  a  disappointment.  However,  even  with 
these  setbacks  the  program  produced  a  number  of  significant  accomplishments. 

In  all  facility  development  and  CFD  code  validation  activities  the  key  issue  is  the  availability 
of  appropriate,  accurate,  and  reliable  data  on  the  parameters  of  interest.  As  a  result,  the  development 
of  NID  techniques  became  the  controlling  activity  of  the  program.  The  successful  application  of 
existing  NID  techniques,  including  the  extension  and  further  development  of  some  of  these,  and  the 
acquisition  of  new  techniques  constitutes  a  major  portion  of  the  success  of  this  joint  program. 

Since  the  advancement  of  CFD  capabilities  was  a  primary  goal  of  the  project,  there  was  a 
significant  effort  to  use  the  test  data  acquired  with  conventional  instrumentation  and  also  the  data 
acquired  with  the  advanced  NID  techniques  to  test  and  compare  the  CFD  codes  used  by  the  part¬ 
ners.  There  was  also  the  opportunity  to  reexamine  existing  data.  The  exchange  of  raw  and 
reduced  data  allowed  for  the  validation  of  data  reduction  techniques.  This  was  especially  valu¬ 
able  in  the  case  of  heat  transfer,  which  involves  considerable  calculation.  It  was  found  that  the 
AEDC  and  DLR  methods  agreed  well,  but  it  is  noted  that  the  DLR  “indirect”  method  captured  the 
details  without  the  artificial  smoothing  required  by  the  AEDC  “direct”  method. 

AEDC  acquired  new  CFD  capabilities  in  the  course  of  this  effort.  The  NEQAIR  code  was 
acquired  and  installed  at  AEDC.  In  the  course  of  this  effort,  AEDC  personnel  gained  valuable 
experience  in  the  use  and  development  of  two-temperature  flow  codes. 

An  ambitious  but  successful  NID  program  was  executed  at  the  AEDC  Impulse  Facility,  as 
well  as  at  the  DLR  HEG.  All  NID  techniques  pursued  for  application  gave  useful  results  with  the 
exception  of  the  PEBF  technique  that,  because  of  time  and  resource  constraints,  did  not  progress 
past  the  laboratory  development  stage.  No  FPST-related  operational  problems  were  encountered, 
with  the  possible  exceptions  of  boundary-layer  and  recirculation  effects  on  LDA  measurements 
and  potential  copper  absoiption  effects  on  HSFV  for  some  conditions.  At  the  DLR  HEG  the  cop¬ 
per  absorption  effect  was  significant,  and  the  use  of  a  dye  laser  pumped  by  the  copper  vapor  laser 
was  successful  at  circumventing  the  absorption  problem  for  HSFV. 

Important  issues  in  the  operation  of  shock-driven  test  facilities  are  the  time  required  to  estab¬ 
lish  steady  flow  and  the  duration  of  quality  test  flow.  Using  data  obtained  with  the  HSFV  system 
acquired  under  this  project  it  was  determined  that  Impulse  Facility  flow  is  established  within  0.67 
msec  from  the  shock  tube  gage  (ST6)  trigger  pulse,  and  a  nominal  run  time  of  2.5  msec  free  from 
driver  gas  effects  is  available  for  nozzle  stagnation  pressures  of  less  than  1000  atmospheres.  This 
conclusion  is  supported  by  the  initial  results  with  the  LDA  system.  Facility  flow  appears  opti¬ 
cally  thick  as  a  result  of  particulate  scattering  for  nozzle  stagnation  pressures  greater  than  1000 
atmospheres.  Consequently,  AEDC  will  need  to  develop  some  means  to  circumvent  this  problem 
in  order  to  use  NID  techniques  at  higher  stagnation  pressures.  The  HEG  flow  requires  a  longer 
time  to  establish,  some  1.4  msec,  while  the  nominal  run  time  is  somewhat  shorter  than  the  2.5 
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msec  of  the  Impulse  Facility.  The  optically  thick  threshold  is  never  reached  since  the  HEG  oper¬ 
ates  below  1000  atm. 

Another  major  issue  in  the  operation  of  high  enthalpy  facilities  is  the  thermo-chemical  state  of 
the  flow  as  it  expands  through  the  nozzle.  An  important  indicator  of  the  state  is  the  vibrational  tem¬ 
perature.  One  result  of  the  CFD  analysis  done  under  this  project  is  the  determination  that  the 
measurement  of  Tv  with  existing  techniques  and  the  prediction  with  current  CFD  codes  do  not  result 
in  agreement  on  the  level  of  Tv.  It  is  clear  from  the  wide  range  of  computational  predictions  of 
ffeestream  properties  and  the  lack  of  agreement  of  PLIF-NO  measurements  with  any  of  the 
predictions,  that  considerable  work  is  required  on  CFD  physics  models,  along  with  a  thorough  inves¬ 
tigation  of  the  current  PLIF-NO  methodology.  Analysis  methods  using  both  the  laboratory  shock 
tube/tunnel  and  the  newly-acquired  high-temperature  calibration  cell  are  also  required.  Future  appli¬ 
cation  of  LDA  requires  the  use  of  airtight  tubes  extending  into  the  boundary  layer  to  eliminate 
boundary-layer  and  recirculation  effects.  It  is  also  recommended  that  the  LDA  technique  be 
extended  to  yield  information  on  flow  velocity.  Another  aid  in  resolving  the  Tv  question  would  be 
the  further  development  of  the  PEBF  technique.  This  technique  can  readily  give  information  on 
vibrational  temperature  for  a  number  of  species  simultaneously.  Furthermore,  the  PEBF  technique 
potentially  can  provide  quantitative  information  on  the  amount  of  helium  contaminating  the  test  gas. 

While  questions  still  remain  about  the  determination  of  the  nozzle  ffeestream  conditions,  the 
CFD  analyses  and  code  comparisons  accomplished  under  this  project  showed  that  model  parameters 
could  be  reasonably  predicted  with  conventional  CFD  codes.  For  example,  shock  wave  location  can 
be  predicted  quite  reliably.  When  used  in  conjunction  with  high-speed  flow  visualization,  the 
observed  change  in  shock  shape  can  be  correlated  with  He  arrival.  Pressure  distributions  were  rea¬ 
sonably  well  predicted.  It  was  observed  that  pressure  is  relatively  insensitive  to  “real  gas”  effects. 
Heat  transfer,  on  the  other  hand,  was  found  to  be  sensitive  to  “real  gas”  effects.  The  assumption  of  a 
catalytic  wall  gave  a  better  prediction  compared  to  that  of  a  noncatalytic  wall.  Predictions  of  heat 
transfer  would  be  generally  considered  adequate. 

An  integral  part  of  this  program  was  an  ambitious  plan  for  the  use  of  nonintrusive  diagnostics 
to  provide  key  information  about  the  flow  field.  The  requirements  for  NID  are  to  provide  multiple, 
independent  measurements  to  yield  information  about  run  time,  thermal  nonequilibrium,  spatial 
variations  of  flow  properties,  flow  temporal  evolution,  and  particulate  contamination.  Numerous 
NID  techniques  in  various  stages  of  development  were  considered  for  application  at  the  AEDC 
Impulse  Facility  and  the  DLR  HEG,  and  the  list  of  information  that  can  potentially  be  provided  by 
NID  is  rather  lengthy.  Unfortunately,  cost  and  timeliness  considerations  limited  the  NID  tech¬ 
niques  undertaken  for  the  AEDC  Impulse  Facility  as  well  as  the  DLR  HEG. 

If  the  old  adage  "a  picture  is  worth  a  thousand  words"  is  true,  then  a  major  accomplishment 
under  this  project  was  the  acquisition  and  implementation  of  the  High-Speed  Flow  Visualization 
System.  With  this  system,  an  image  sequence  of  nominally  1 00  frames  could  be  obtained  during  a 
tunnel  run.  Depending  on  the  laser  framing  rate,  this  would  cover  from  4.0  to  12.5  msec  of  tunnel 
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run  time.  From  these  pictures  it  was  possible  to  clearly  observe  the  flow  establishment  in  the  test 
section.  As  previously  noted,  the  change  in  the  flow  field  around  the  model  could  also  be  corre¬ 
lated  with  the  arrival  in  the  test  section  of  contamination  by  the  helium  driver  gas. 

As  noted  in  the  CFD  discussions,  the  wide  range  of  computational  predictions  of  freestream 
properties  and  the  lack  of  agreement  of  PLIF-NO  measurements  with  any  of  the  predictions 
clearly  shows  that  considerable  work  is  required  on  CFD  physics  models.  A  thorough  investiga¬ 
tion  of  the  current  PLIF-NO  methodology  and  analysis  methods  using  both  the  laboratory  shock 
tube/tunnel  and  the  newly  acquired  high-temperature  calibration  cell  is  also  required.  Further 
development  of  LDA  is  needed  to  eliminate  boundary-layer  and  recirculation  effects  and  to  yield 
information  on  flow  velocity.  As  the  question  of  vibrational  nonequilibrium  has  not  been 
resolved,  it  is  recommended  that  the  PEBF  technique  be  developed  further,  because  it  can  readily 
give  information  on  vibrational  temperature  for  a  number  of  species  simultaneously.  Further¬ 
more,  the  PEBF  technique  potentially  can  provide  quantitative  information  on  the  amount  of 
helium  contaminating  the  test  gas. 

As  a  result  of  this  international  cooperative  program,  AEDC  NID  capability  has  been  greatly 
enhanced.  The  HSFV  system  is  now  available  for  applications  to  hypersonic  air-breathing  propul¬ 
sion,  aero-optics,  jet  interaction,  and  ballistic  range  testing.  Indeed,  the  association  with  NDL, 
Inc.  with  regard  to  advancements  in  high-speed  holographic  recording  has  placed  AEDC  on  the 
leading  edge  of  high-speed  visualization  capability.  The  LDA  system  methodology  has  already 
been  advanced  for  use  with  absoiption  by  CL,  FLO,  and  K,  and  applications  in  turbine  engine  and 
hypersonic  air-breathing  propulsion  testing  as  well  as  aerodynamic  testing  are  forthcoming. 
Although  applications  of  the  PEBF  system  were  not  achieved,  the  capability  of  the  system  was 
greatly  advanced,  and  it  probably  will  become  an  outstanding  diagnostic  tool  for  the  high  Mach 
number  conditions  of  AEDC’s  Tunnel  9. 
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Figure  1.  Conditions  Required  to  Duplicate  Flight  Conditions 
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Figure  6.  Calibration  Rake 


63 


33°24' 


AEDC-TR-01-5 


64 


Figure  7.  AEDC  Blunt  Slender  Cone  (Electre)  Model,  70-percent  Scale 
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Figure  10.  Schematic  of  Schlieren  Apparatus 
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Figure  11.  Schlieren  Pictures  of  the  Double-Wedge  Flow  Showing  the 
Establishment  of  Separation  (At  =  0.6  msec  Between  Frames) 
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Figure  14.  Results  for  Lu  in  High  and  Low  Enthalpy  Conditions  in  Comparison  to  the 
Measurements  to  Ref.  11 
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Figure  15.  Comparison  Between  AEDC  and  HEG  Heat  Flux  Calculation  Methods 
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Figure  17.  Predicted  Temperatures  in  AEDC  Impulse  Tunnel  Nozzle,  Run  30 
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Figure  21.  Vibrational  and  Rotational  Temperatures  Predicted  by 
and  NSHYP  Codes  —  Sphere-Cone,  HEG  Condition  I 
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Figure  22.  Shock  Shape  Comparisons,  AEDC  Run  31 
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Figure  23.  Shock  Shape  Comparisons,  AEDC  Run  34 
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Figure  25.  Run  Time  Determination  Using  Shock  Shape 
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Figure  26.  Pressure  Coefficient,  AEDC  Runs  30-35,  Electre  Model  (70  percent) 
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igure  27.  Pressure  Coeiticient,  DLK  Plectre 
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Figure  29.  Heat-Transfer  Coefficient,  AEDC  Runs  30-35,  Electre  Model  (70  percent) 
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Figure  30.  Heat  Flux,  DLR  Electre  Model  in  HEG 
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Figure  33.  Impulse  Facility  Run  26  Laser  Beam  Transmission 
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Figure  34.  Impulse  Facility  Run  27  Laser  Beam  Transmission 
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Figure  36.  Impulse  Facility  Run  29  Laser  Beam  Transmission 
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Figure  37.  Impulse  Facility  Run  30  Laser  Beam  Transmission 
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Figure  38.  Impulse  Facility  Run  31  Laser  Beam  Transmission 
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Figure  39.  Impulse  Facility  Run  32  Laser  Beam  Transmission 
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Figure  40.  Impulse  Facility  Run  33  Laser  Beam  Transmission 
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Figure  41.  Impulse  Facility  Run  34  Laser  Beam  Transmission 
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Figure  42.  Impulse  Facility  Run  35  Laser  Beam  Transmission 


99 


AEDC-TR-01-5 


100 


Figure  43.  Application  of  PMIE  at  the  AEDC  Impulse  Facility 
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Figure  44.  Application  of  ES  at  the  AEDC  Impulse  Facility 
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Figure  46.  LDA  Reduced  Data  Format — AEDC  Laboratory  Shock  Tube/Tunnel 


I2  Absorption  Spectrum  and  Cu  Vapor  Laser  Lineshapes 
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Figure  48.  High-Speed  Flow  Visualization  System 
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Figure  50.  Process  for  Creating  HSFV  Digital  Movies 
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Figure  51.  PLIF  Setup  at  the  Impulse  Facility 
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Figure  52.  Peak  and  Average  LBT  Values  During  Estimated 
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Figure  53.  HSFV  for  Flow  Start  Process,  Impulse  Facility  Run  30 — June  2, 1998 
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Figure  54.  HSFV  for  Flow  Start  Process,  Impulse  Facility  Run  31 — June  3, 1998 
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Figure  55.  HSFV  for  Flow  Start  Process,  Impulse  Facility  Run  32 — June  4, 1998 
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Figure  56.  HSFV  for  Flow  Start  Process,  Impulse  Facility  Run  33 — June  9,  1998 
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Figure  57.  HSFV  for  Flow  Start  Process,  Impulse  Facility  Run  34 — June  10,  1998 
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Figure  58.  HSFV  for  Flow  Start  Process,  Impulse  Facility  Run  35 — June  12, 1998 
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Figure  59.  HSVF  for  Flow  Steadiness,  Impulse  Facility  Run  30 — June  2, 1998 
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Figure  60.  HSFV  for  Flow  Steadiness,  Impulse  Facility  Run  31 — June  3, 1998 
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Figure  61.  HSFV  for  Flow  Steadiness,  Impulse  Facility  Run  32 — June  4, 1998 
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Figure  62.  HSFV  for  Flow  Steadiness,  Impulse  Facility  Run  33 — June  9, 1998 
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Figure  63.  HSFV  for  Flow  Steadiness,  Impulse  Facility  Run  34 — June  10,  1998 
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Figure  64.  HSFV  for  Flow  Steadiness,  Impulse  Facility  Run  35 — June  12, 1998 
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Figure  65.  Gas  Density  from  Holographic  Interferometry,  Impulse  Facility  Run  35 — June  12,  1998 
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Figure  66.  Impulse  Facility:  Planar  Laser-Induced  Fluorescence  Imaging 
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Figure  67.  PLIF 
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Figure  68.  PLIF  Signal  Ratios 
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Figure  69.  Impulse  Facility  Run  26  Emission  Spectra 
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Figure  70.  FPST  Emission  Spectrum 
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Figure  72.  PLIF  Setup  in  HEG 
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Figure  79.  HSFV  for  Flow  Start  Process,  HEG  Run  455 — November  2, 1998 
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Note:  Estimated  distance  from  top,  bottom  of  PLIF  imaging  region  to  tunnel 
window  in  calibration  measurements:  425  mm,  501  mm 


Figure  95.  Experimental  Setup  for  HEG  PLIF  Measurements 
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NO  Excitation  Wavelengths 

XI :  225.71 6  nm,  R1 1  +  Q21  (1 3.5)  -  same  as  “line  1  ”  in  Ref.  32 
X2:  225.134  nm,  P21  +  Q1 1(28.5)  -  same  as  “line  2”  in  Ref.  32 
X3:  225.473  nm,  R1 1  +  Q21  (17.5)  -  not  “line  3”  in  Ref.  32 


HEG  Freestream  Conditions  (Supplied  by  HEG) 

Condition  I:  1.07  mol/kg  NO  (1 .49  x  1015  cc-1  NO),  807K 
Condition  III:  2.28  mol/kg  NO  (5.20  x  1015  cc-1  (NO),  612K 
Condition  IV:  1321  Pa  (vs  517  Pa  for  Cond  I,  642  Pa  for  Cond  III) 


Summary  of  PLIF  Measurements 

Runs  446,  447,  448,  451 , 452  (Condition  III):  only  single  X  in  image 
(no  signal  on  other  camera) 

Runs  449,  450  (Condition  IV):  optical  blockage  of  flow 
Run  453  (Condition  III):  data  were  lost 

Calibrations  with  5-percent  NO  in  N2  in  tunnel:  too  much  laser  absorption 
Runs  454,  455  (Condition  III):  good  data  with  two  X  in  image 
Runs  456,  457  (Condition  I):  same,  except  laser  mistriggerfor  457 


Figure  96.  Summary  of  PLIF  Conditions 
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Run  454:  Condition  II 


Run  455:  Condition  III 


Run  456:  Condition  I 


Run  457:  Condition  I 


Figure  97.  PLIF  Images 
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Energy-Normalized  PLIF  Signals,  K  count 
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Figure  98.  Partially  Processed  Data  -  Run  454  Condition  III 
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Energy-Normalized  PLIF  Signals,  K  count 
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Figure  99.  Partially  Processed  Data  -  Run  455  Condition  III 
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Energy-Normalized  PLIF  Signals,  K  count 
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Figure  100.  Partially  Processed  Data  -  Run  456  Condition  III 
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Calculated  Laser  Line  Shapes  at  Top  and  Bottom  of  PLIF  Images* 


Calibration 
13.7  mbar 


Condition  III 


Condition  I 


X2 


Detuning  from  Linecenter,  cm 


‘Unattenuated  laser  line  shapes  and  absorption  line  shapes  shown  as  dashed  lines 


X3 


Figure  101.  Calculated  Line  Shapes 
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Signal  Ratio  PLIF  Signals,  K  count 
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Figure  102.  Calculated  Signals  and  Signal  Ratios 
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PLIF-Derived  Freestream 
Parameters  (Condition  III): 

T  =  582  ±  1 9K 

nNO  =  (5-30  +  0.23)E  +  15/cc 


Assumptions: 

1.  Uniform  freestream  flow,  55-cm  diam 

2.  Identical  run  conditions  for  Runs  454  and  455  (Condition  III) 

3.  Run  454  PLIF  ratio  is  given  by  R31  =  0.938  ±  0.008 

4.  Run  455  PLIF  ratio  is  given  by  R21  =  0.434  ±  0.009 

5.  Results  are  independent  of  CFD  prediction 

Figure  103.  Explicit  Estimate  of  Freestream  NO  Temperature  and  Density 
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Key  Points: 

1 .  Replace  three-line  technique  with  two-line  technique. 

2.  Retain  use  of  PLIF  signal  ratio,  e.g.,  R31  =  0.938  ±  0.008  (Run  454). 

3.  Supplement  use  of  effective  absorption  coefficient,  e.g.,  pi  =  6.04  ±  0.31/m, 

P3  =  5.56  ±  0.27m  (Run  454,  derived  from  experimental  data). 

4.  Perform  consistency  check:  Have  three  constraints  (R31,  pi,  P3,)  with  only  two  unknowns: 
T  and  n[\jO- 


NO  Density,  lO1^  aH 


NO  Density,  lO1^  cc 


1000 
900 
800 
700 
600 
500 
400 
300 

0  2  4  6  8  10 

NO  Density,  lO1^  cc-1 


Run  456 


Conclusion: 

•  Consistent  results  for  Run  454  (common  intersection  of  three  sets  of  curves); 

•  No  consistent  results  for  Runs  455,  456; 

•  Extended  theory  warrants  further  study  for  future  work. 


Figure  104.  Extension  of  Reference  30  Theory 
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BL,  mm 

T,  K 

n|\|o>  E  +  15/cc 

100 

600  ±21 

3.37  ±  0.19 

50 

593  ±  20 

4.13  ±0.20 

0 

582  ±19 

5.30  ±0.23 

2  4  6  8  10 

NO  Density,  10^  cc-^ 


Assumptions: 

1 .  Uniform  freestream  flow,  55-cm  diam 

2.  Linear  variation  ofT  and  n^g  in  BL 


Freestream,  55-cm  diam 


Conclusions: 

•  Presence  of  NO  in  BL  has  small  effect  on  inferred  NO  temperature 

•  Larger  effect  on  NO  density 


Figure  105.  Effect  of  NO  in  Boundary  Layer  on  Inferred  Freestream  Parameters 
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Figure  106.  Sectional  Drawing  of  the  Pulsed  Electron  Gun 
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Figure  107.  Conceived  PEG  Application  at  the  FPST 
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Figure  108.  Laboratory  PEG  System 
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Figure  109.  High-Voltage  Pulsed  Electronics  for  the  PEG 
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Figure  110.  PEG  Electronic  Control  and  Instrumentation 
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Wavelength,  nm 

Figure  111.  Nitrogen  PEBF  Spectrum 
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Table  1.  AEDC  FPST  Conditions 


Parameter 

P0,  atm 

H0,  MJ/kg 

Model 

Run  Number 

26 

419 

10.3 

Rake 

27 

392 

10.8 

Rake 

28 

419 

11.2 

Rake 

29 

1023 

14.3 

Rake 

30 

661 

12.1 

70%  Electre 

31 

921 

12.8 

70%  Electre 

32 

434 

10.1 

70%  Electre 

33 

379 

8.9 

70%  Electre 

34 

365 

13.6 

70%  Electre 

35 

691 

11.9 

70%  Electre 

HEG  Cond.  Ill 

462 

12.9 

Electre 

Table  2.  Size  Comparison  of  DLR  and  AEDC  Free-Piston  Shock  Tubes 


Components 

DLR  HEG 

AEDC  FPST 

Overall  length,  m 

60 

50 

Diaphragm 

8-  to  10-mm  Stainless  Steel 

Thickness  Function  of  Pressure 

Piston  Driver 

5  MPa  Air  Reservoir 

Powder  Charge 

Compression  Tube  Length,  m 

33 

27.5 

Shock-Driven  Tube  Length,  m 

17 

10.7 

Piston,  kg 

280 

Piston  Speed,  m/sec 

278 

240-500 

Nozzle 

Converging/Diverging  -  Conical 

Converging/Diverging  -  Conical 

Length,  m 

3.75 

1.63 

Throat  Diameter,  cm 

2.2 

1.91 

Exit  Diameter,  cm 

88 

45.72 

Area  Ratio,  A/A* 

1600 

576 

Half  Angle,  deg 

6.5 

8 

Maximum  Reservoir  Conditions 

90  MPa  (888.5  atm) 

8100K 

2000  atm  (202.6  MPa) 
10,000K 
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Table  3.  HEG  Operating  Conditions,  Conical  Nozzle,  Air  As  Test  Gas 


Condition 

1 

II 

III 

IV 

p0,  MPa 

35 

85 

44 

90 

t0,  K 

9100 

9900 

7000 

8100 

h0,  MJ/kg 

22 

23 

12 

15 

Poo,  Pa 

660 

1800 

790 

1680 

Too,  K 

1140 

1450 

800 

1060 

Poo,  g/m3 

1.7 

3.5 

3.3 

5.3 

Moo 

8.2 

7.8 

7.8 

7.9 

Uoo,  km/sec 

5.9 

6.2 

602 

5.2 

Rem 

200,000 

420,000 

390,000 

670,000 

Table  4.  Test  Matrix  for  Double  Ramp  Experiments 


Data  for  AEDC  Campaign  1999 

Ramp 

Tunnel 

Run  ID 

Condition 

SP,  msec 

Angle  1 

Angle  2 

SR,  msec 

Tl,  msec 

P0,  MPa 

pt2,  kPa 

448 

III 

0.2600 

15 

50 

3.982 

0.725 

51.35 

74.91 

451 

III 

0.4000 

15 

45 

4.671 

0.819 

44.41 

80.23 

452 

III 

1.3560 

15 

40 

3.684 

0.780 

45.13 

74.19 

453 

III 

1 .5250 

15 

35 

3.511 

0.785 

44.87 

69.92 

454 

III 

1 .5780 

15 

30 

3.455 

0.764 

44.54 

66.33 

455 

III 

0.8190 

15 

25 

3.424 

0.751 

45.16 

64.46 

456 

1 

— 

15 

25 

2.541 

0.647 

38.81 

55.34 

457 

1 

0.6230 

15 

35 

2.542 

0.704 

38.62 

54.28 

458 

III 

0.3893 

20 

35 

3.415 

0.765 

45.91 

72.00 

460 

III 

0.7220 

20 

40 

3.463 

0.773 

43.29 

67.54 

Mean 

Condition  III 

0.770 

45.58 

71.20 

Condition  1 

0.676 

38.72 

54.81 
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Table  5.  HEG  Freestream  Conditions  During  AEDC  Tests 


HEG  Condition  1 

Variable 

Units 

(1) 

(2) 

(3) 

(4) 

(5) 

H0 

MJ/kg 

21.06 

Po 

Bar 

386 

To 

K 

9150 

P_exit 

kPa 

0.43 

0.443 

Rho_exit 

Kg/m3 

0.00219 

0.00164 

0.001717 

0.001326 

Ttr_exit 

K 

797 

790 

1144 

1011 

1176 

Tv_exit 

K 

3400 

tv_n2 

K 

3818 

tv_o2 

K 

2146 

M_exit 

9.7 

8.17 

8.57 

U_exit 

M/sec 

5919 

5938 

5937 

n2 

Mass  fract 

0.743 

0.749 

0.745 

0.752 

0.7364 

o2 

0.0513 

0.036 

0.0469 

0.0378 

0.133 

NO 

0.036 

0.0334 

0.0293 

0.0294 

0.055 

N 

5e-07 

8.7e-07 

4.6e-9 

8e-8 

2.7e-5 

O 

0.165 

0.181 

0.178 

0.18 

0.075 

NO+ 

3.289e-07 

6.55e-7 

HEG  Condition  III 

Variable 

Units 

(1) 

(2) 

(3) 

(4) 

(5) 

H0 

MJ/kg 

13.19 

Po 

bar 

449.7 

To 

K 

7279 

P_exit 

kPa 

0.47 

0.517 

Rho_exit 

Kg/m3 

0.00283 

0.0033 

0.002345 

Ttr_exit 

K 

553 

806 

744 

Tv_exit 

K 

tv-N2 

K 

tv_o2 

K 

M_exit 

9.98 

8.14 

8.04 

U_exit 

M/sec 

4813 

4659 

4778 

n2 

Mass  fract 

0.732 

0.731 

0.738 

o2 

0.1444 

0.171 

0.147 

NO 

0.069 

0.059 

0.058 

N 

3e-7 

1.3e-10 

2.1e-10 

O 

0.054 

0.038 

0.0573 

NO+ 

7.3e-8 

1.3e-7 

(1)  DLR  calculation  with  NSHYP,  2-T  ( for  Electre  model) 

(2)  Standard  HEG  conditions,  AIAA-98-2770,  from  calculations  +  experiment 

(3)  DLR  calculation  with  thermal  equilibrium  (1-T);  represents  current  DLR  thinking 

(4)  AEDC  calculation  with  TUFF  (1-T) 

(5)  AEDC  calculation  with  GASP  (2-T) 
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Table  6.  AEDC  FPST  Freestream  Conditions 


AEDC  FPST  Runs  16  and  30 

Variable 

Units 

TUFF 

NEDANA 

GASP 

Ho 

MJ/kg 

Po 

bar 

To 

K 

P_exit 

atm 

0.0245 

0.01966 

Rho_exit 

Kg/m3 

0.008 

0.00836 

Ttr_exit 

K 

957 

800 

708 

Tv_exit 

K 

2250 

2858 

tv_n2 

K 

tv_02 

K 

M_exit 

7.56 

U_exit 

M/sec 

4530 

4504 

n2 

Mass  tract 

0.735 

0.744 

02 

0.163 

0.173 

NO 

0.0647 

0.054 

N 

1.08e-10 

2.77e-8 

0 

0.0373 

0.0289 

NO+ 

1 .1 1e-7 

Table  7.  Stagnation  Point  Heating  (W/cm2) 
Fire  II  Configuration  (1634  sec  into  flight) 


GIANTS 

/NOVAR 

LAURA 

/LORAN 

GASP 

Experiment 

Convective 

105 

110 

137 

Radiative 

25 

55 

NEQAIR 

(uncoupled) 

Total 

130 

165 

156 

175 

Table  8.  PLIF-NO  Measurements  of  Ttr 


AEDC  Run  No. 

Ttr,K 

Isentropic  Est. 

*  1-7 

L  II 

Ttr>K 

(Tv  =  3000 K) 

Ttr,  K  (GASP, 
Tv  =  2900K) 

21 

1382 

350 

750 

661 

23 

1356 

400 

575 

608 

24 

1923 

340 

700 

641 
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Table  9.  AEDC  Nonintrusive  Diagnostics  in  the  Impulse  Facility 
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Table  11.  Information  Potentially  Provided  by  NID  About  the  Impulse  Facility  Flow  Fields 

•  Run  time  defined  (three  independent  methods) 

•  n(NO),  Tr  spatial  map 

•  Shock  position,  curvature 

•  Identification  of  contaminant  material 

•  Spatial  distribution  of  contaminant  particulates 

•  Correlation  of  n(p)  with  reservoir  parameters 

•  T emporal  evolution  of  flow  over  test  article 

•  v  temporal  evolution  path  integrated 

•  n(N2),  n(02),  n(NO),  n(He),  n(O),  Tv  at  a  single  spatial  point  on  centerline 

•  Tv  *  Tr  evaluated 
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Table  12.  Impluse  Facility  Nonintrusvie  Diagnostics  Data  Log 
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NID  REMARKS 

Order  II  Fe,  Al  lines  interfering  at  Rb 
wavelength 

Img  Rb  seed;  strong  Rb  emission 

LBT  near  zero;  heavy  ablation  prod¬ 
ucts;  LBT,  HSV  only  good  optical  meas. 

2  mg  Rb  seed 

FILRAY  not  synchronized  correctly 

0.071  mg  Rb  seed;  weak  Rb  emission 

PLIF  strong  only  within  shock;  HSFV 
not  at  nose  of  test  article 

Weak  or  no  Rb  emission;  0.426-mg  Rb 
seed 

Rb  emission 

2-mg  Rb  seed 

Strong  Rb  emission 

Strong  Rb  emission 

Strong  Rb  emission 

PLIF 

No 

No 

No 

No 

Yes 

U? 

Yes 

U 

Yes 

U 

Yes 

Yes 

Yes 

HSFV 

No 

No 

No 

No 

Yes 

U 

Yes 

U 

Yes 

U 

Yes 

Yes 

Yes 

LDA 

No 

No 

No 

No 

Yes 

U 

Yes 

U 

Yes 

U 

Yes 

Yes 

Yes 

PMIE 

Yes 

U 

Yes 

U 

Yes 

U 

Yes 

No 

No 

No 

No 

No 

No 

No 

FILRAY 

Yes 

U 

Yes 

U 

Yes 

U 

Yes 

N 

Yes 

N 

Yes 

U 

Yes 

N 

Yes 

Yes 

Yes 

WP 

Two 

U 

Two 

U 

One 

U 

One 

U 

One 

U 

One 

U 

One 

U 

One 

One 

One 

ASH 

Yes 

U 

Yes 

U 

Yes 

U 

Yes 

U 

Yes 

U 

Yes 

U 

Yes 

U 

Yes 

Yes 

Yes 

ES 

780  nm 

1 .6  msec 

=) 

780  nm 

780  nm 
3.6  msec 

=) 

780  nm 

2.6  msec 

=) 

780  nm 

2.6  msec 

780  nm 

2.6  msec 

780  nm 

2.6  msec 

E 

c 

o 

00 

E 

c 

o 

CO 

h» 

E 

c 

o 

CO 

Is- 

LBT 

Yes 

U 

Yes 

U 

Yes 

U 

Yes 

U 

Yes 

U 

Yes 

U 

Yes 

U 

Yes 

Yes 

Yes 

TUNNEL  CONDITIONS 

CD 

” D 

O 

X 

g 

o 

1- 

'crT 

CL 

E 

s 

o 

CL 

c?T 

i 

E 

8 

c 

g 

g 

^8 

'ft 

CL 

O 

8 

Q. 

419,  42.5;  6245;  10.33 

13.8,  1834;  594;  2729;  2.24e+17 

Calibration  Rake 

392,  39.7;  6428;  10.83 

12.7,  1702;  543;  2753;  2.26e+17 

Calibration  Rake 

419,  42.5;  6611;  11.25 

11.2,  1500;  562;  2780;  1.93e+17 

Calibration  Rake 

1023,104;  793  ;  14.3 

36.3,  4833;  914;  3022;  3.84e+17 

Calibration  Rake 

661,  66.9  ;  7061  ;  12.14 

22.3,  2979  ;  708  ;  2858  ;  3.04e+17 

70%  scale  cone  model 

921,  93.3;  7394;  12.79 

32.5,  4326;  846;  2924;  3.71  e+1 7 

70%  scale  cone  model 

434,  43.9;  6178;  10.15 

14.1,  1884;  549;  2718;  2.48e+17 

70%  scale  cone  model 

70%  scale  cone  model 

70%  scale  cone  model 

70%  scale  cone  model 

RUN 

* 

t 

CD 

CM 

h- 

CM 

CO 

CM 

CD 

CM 

o 

CO 

CO 

CM 

CO 

CO 

CO 

'sf 

CO 

LO 

CO 
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Table  13.  LBT  Measurements  at  the  Impulse  Facility 


Run 

No. 

P0,  atm; 

H0,  Btu/lbm 

Peak 

Transmission, 

% 

Delta  Time 
(Peak 
LBT-ST6), 
msec 

Average 
Transmission  % 
During  the 
Estimated  Good 
Run  Time 

Delta  Time  (Nozzle 
Length/Avg.  Nozzle 
Flow  Speed),  msec 

23* 

483;  5185 

91 

25* 

1701;  7445 

1 

26 

419;  4434 

87.5 

0.4 

98.5 

0.56 

27 

392;  4650 

82 

0.45 

95 

0.55 

28 

419;  4829 

70 

0.43 

98 

0.54 

29 

1023;  6142 

0.42 

1.5 

0.48 

30 

661;  5212 

70 

0.55 

94 

0.52 

31 

921; 5491 

67 

0.60 

91 

0.51 

32 

434;  4355 

85 

0.55 

97 

0.57 

33 

379;  3840 

85 

0.42 

98 

0.60 

34 

365;  5838 

87 

0.45 

98 

0.49 

35 

691;  5128 

77 

0.60 

93 

0.52 

*  Data  from  runs  prior  to  ICR&W  project. 


Table  14.  Tabulation  of  Facility  Run  Time  Information 


Run 

No. 

P0,  atm; 

H0,  Btu/lbm 

LDA  Earliest 
Detection, 

msec 

LDA  Peak 
Absorption  Time, 
msec 

FILRAY 
Rollover  Time, 

msec 

HSFV  Detection  of 
Effect  on  Bow 
Shock,  msec 

30 

661;  5212 

1.0 

2.5 

31 

921;  5491 

1.0 

2.1 

32 

434;  4355 

1.8 

2.5 

2.8 

33 

379;  3840 

1.8 

2.8 

2.4 

34 

365;  5838 

1.9 

3.0 

2.0 

35 

691;  5128 

1.0 

2.0 

2.6 

3.0 
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Table  15.  HEG  Nonintrusive  Diagnostics  Data  Log 
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DEPARTMENT  OF  THE  AIR  FORCE 

WASHINGTON  DC  20330-1000 


fr2 

MAY 

1997 


OFFICE  OF  THE  UNDER  SECRETARY 

MEMORANDUM  FOR  DISTRIBUTION 

FROM:  SAF/IAQ 

1745  Jefferson  Davis  Highway 
Crystal  Square  4,  Suite  302 
Arlington,  VA  22202-3402 

SUBJ:  Memorandum  of  Transmittal  for  the  Free  Piston  Shock  Tunnel/High  Enthalpy 
Gottingen  (FPST)  Project  Arrangement  (PA)  to  the  Research  and  Technology 
Projects  (RTP)  Memorandum  of  Understanding  between  the  United  States  and 
Germany 

The  attached  international  agreement  and  certification  are  transmitted  in  accordance 
with  DoD  Directive  5530.3  and  AFI  51-701. 

a.  Type  of  Agreement:  Bilateral. 

b.  Countries  Involved:  Germany  and  the  United  States. 

c.  Responsible  Organizations:  German  Federal  Ministry  of 
Defense  and  the  United  States  Air  Force. 

d.  Full  Title  of  Agreement:  Project  Agreement  No.  RTP-US-GE-A-F-96-0007 
Between  The  Secretary  of  Defense  on  Behalf  of  the  Department  of  Defense  of  the  United 
States  of  America  and  the  Federal  Minister  of  Defense  of  the  Federal  Republic  of  Germany 
for  the  Free  Piston  Shock  Tunnel/High  Enthalpy  Gottingen  Project. 

e.  Subject  Matter:  Under  the  FPST  program,  the  USAF  will  combine  efforts  with  the 
German  MOD  to  accelerate  and  improve  the  development  cycle  of  their  respective  state-of- 
the-art  computational  fluid  dynamics  (CFD)  facilities.  Two  of  the  higher  performance 
facilities  of  this  type  are  the  High  Enthalpy  Gottingen  (HEG)  Facility,  operated  by  the  Insti¬ 
tute  for  Experimental  Fluid  Mechanics  at  the  German  Aerospace  Establishment  (DLR), 
G6ttingen,  Germany,  and  under  contract  with  the  German  MOD,  and  the  FPST  Facility  at 
Arnold  Engineering  Development  Center  (  AEDC),  Arnold  Air  Force  Base,  Tennessee.  The 
HEG  is  the  largest  such  facility  in  the  world  and  the  FPST  facility  will  operate  at  the  world's 
highest  pressures  and  densities.  Cooperation  under  this  PA  will  allow  expedited  initial 
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operations  with  increased  capability  and  data  accuracy.  These  objectives  will  be  accom¬ 
plished  by  carrying  out  tests  at  both  the  FPST  and  HEG.  The  two  facilities  complement 
each  other  by  exploiting  their  differences;  very  high  velocity  and  pressure  capabilities  at  the 
FPST  and  the  large  size  and  mass  flow  rate  capability  at  the  FIEG.  The  PA  was  signed  in 
Berlin,  GE. 

f.  Legal  Authority:  Title  10,  U.S.C.  Section  2350a,  Cooperative  Research 
and  Development  Projects  Allied  Countries. 

g.  Date  of  Entry  into  Force:  28  April  1997. 

h.  Date  of  Termination:  28  April  2002. 

i.  All  Signing  Officials,  Title/Offices  Represented,  and  Countries: 

(1)  Flerr  Rolf  Schreiber,  Chief  of  the  Air  Armaments  Division, 
Directorate  General  of  Armament. 

(2)  Major  General  Clinton  V.  Horn,  Principal  Assistant  Deputy 
Under  Secretary  of  the  Air  Force  (International  Affairs). 

j.  Full  Title  and  Date  of  Basic  Agreement:  Memorandum  of  Understanding  between 
the  Secretary  of  Defense  on  behalf  of  the  Department  of  Defense  of  the  United  States  of 
America  and  the  Federal  faster  of  Defense  of  the  Federal  Republic  of  Germany  for 
Research  and  Technology  Projects,  17  March  1995. 

k.  Dates  of  Signature:  28  April  1997. 

l.  Conditions  for  Entry  into  Force:  N/A. 

m.  Organizational  Element  Responsible  for  Maintaining  Negotiating  History:  Arma¬ 
ments  Cooperation  Division  (SAF/IAQ),  Office  of  the  Deputy  Under  Secretary  of  the  Air 
Force  (International  Affairs),  United  States  Air  Force. 


DAVID  W.  ABATI,  Col,  USAF  Chief, 
Armaments  Cooperation  Division  Deputy 
Under  Secretary  of  the  Air  Force 
(International  Affairs) 
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PROJECT  AGREEMENT  NO.  RTP-US-GE-AF-96-0007 

BETWEEN 

THE  SECRETARY  OF  DEFENSE 
ON  BEHALF  OF  THE  DEPARTMENT  OF  DEFENSE 

OF  THE 

UNITED  STATES  OF  AMERICA 
AND  THE 

FEDERAL  MINISTER  OF  DEFENSE 
OF  THE 

FEDERAL  REPUBLIC  OF  GERMANY 
FOR 

THE  FREE  PISTON  SHOCK  TUNNEL/HIGH  ENTHALPY 

GOTTINGEN 

PROJECT 


28  APRIL  1997 
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SECTION  ONE:  INTRODUCTION 


This  Project  Agreement  (PA)  hereby  establishes  the  Free  Piston  Shock  Tunnel  (FPST)  and 
the  High  Enthalpy  Gottingen  (HEG)  cooperation  as  a  project  in  accordance  with  the  Memoran¬ 
dum  of  Understanding  between  the  Secretary  of  Defense  on  behalf  of  the  Department  of  Defense 
of  the  United  States  of  America  and  the  Federal  Minister  of  Defense  of  the  Federal  Republic  of 
Germany  for  Research  and  Technology  Projects  of  17  March,  1995. 

Design  of  future  hypersonic  flight  systems  will  rely  heavily  on  computational  fluid  dynam¬ 
ics  (CFD).  A  critical  step  is  the  acquisition  of  experimental  data  for  validation  of  these  codes. 
One  advanced  facility  concept  which  is  expected  to  provide  much  of  the  critical  information 
about  the  flow  fields  around  hypersonic  vehicles  is  the  free  piston  shock  tunnel. 

Two  of  the  higher  performance  facilities  of  this  type  are  the  HEG,  operated  by  the  Institute 
for  Experimental  Fluid  Mechanics  at  the  German  Aerospace  Establishment  (DLR),  Gottingen, 
Germany,  and  under  contract  with  the  German  MOD,  and  the  FPST  Facility  at  Arnold  Engineer¬ 
ing  Development  Center  (AEDC),  Arnold  Air  Force  Base,  Tennessee.  The  HEG  is  the  largest 
such  facility  in  the  world  and  the  FPST  facility  will  operate  at  the  world's  highest  pressures  and 
densities. 


SECTION  TWO:  DEFINITION  OF  TERMS  AND  ABBREVIATIONS 


AEDC  -  Arnold  Engine  ering  Development  Center,  located  at  Arnold  Air  Force  Base  in 
Tennessee 

DLR  -  Deutsche  Forschungsanstalt  fur  Luft-und  Raumfahrt,  located  in  Gottingen,  Germany 

DoD  -  Department  of  Defense  of  the  United  States  of  America 

FPST  -  Free  Piston  Shock  Tunnel,  at  AEDC,  is  a  device  used  to  generate  very  high  speed  and 
high  pressure  air  flows  for  aerodynamic  and  real  gas  studies.  AEDC's  FPST  is  driven 
by  a  gunpowder  charge. 

HEG  -  High  Enthalpy  Gottingen,  free  piston  shock  tunnel  at  DLR,  differs  from  AEDC's  FPST 
in  that  it  is  much  larger  in  size  and  is  driven  by  compressed  air. 

CFD  -  Computational  Fluid  Dynamics,  is  the  computer  modeling  of  the  movement  of  a  fluid 
medium  about  an  object. 

CFI  -  Computational  Flow  Imaging,  is  the  computer  model  imaging  of  the  movement  of  a 
fluid  medium  about  an  object. 

LIF  -  Laser  Induced  Florescence,  is  a  wind  tunnel  diagnostic  technique  in  which  a  constitu¬ 
ent  in  the  flow  field  is  illuminated  with  a  laser  light  source  and  recorded  to  yield  an 
image  of  the  flow  pattern  about  an  object. 

MOD  -  Federal  Ministry  of  Defense  of  the  Federal  Republic  of  Germany 
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PLIF  -  Planar  Laser  Induced  Florescence,  is  like  LIF  but  yields  an  image  field  across  a  plane 
or  a  sheet,  as  opposed  to  the  single  line  in  LIF. 

RTP/EA  -  Research  Technology,  Projects/Executive  Agent 


SECTION  THREE:  OBJECTIVES 


The  objectives  of  this  PA  are  for  the  DoD  to  combine  efforts  with  the  MOD  to  accelerate  and 
improve  the  development  cycle  of  their  respective  state-of-the-art  facilities  through  expedited  ini¬ 
tial  operations  with  increased  capability  and  data  accuracy.  These  objectives  will  be  accom¬ 
plished  by  carrying  out  tests  at  both  the  FPST  and  HEG.  These  facilities  complement  each  other 
by  exploiting  their  differences;  FPST's  very  high  velocity  and  pressure  capabilities  and  HEG's 
large  size  and  mass  flow  rate  capability.  Testing  will  use  corresponding  configurations  and  flow 
conditions  to: 

a.  provide  data  for  CFD  code  validations; 

b.  improve  capability  via  sharing  different  diagnostic  techniques  and  equipment; 

c.  understand  flow  and  instrumentation  anomalies; 

d.  ascertain  flow  quality;  and 

e.  explore  the  applicability  of  binary  scaling. 


SECTION  FOUR:  SCOPE  OF  WORK 


The  following  work  will  be  undertaken  under  this  PA: 

a)  The  participants  will  agree  on  a  test  plan  that  will  include:  standardized  test  conditions  for 
test  runs  in  the  FPST  and  HEG;  the  models  to  be  used;  the  instrumentation  hardware,  and  diag¬ 
nostic  techniques. 

b)  Data  from  the  tests  at  both  the  FPST  and  the  HEG  will  be  fully  shared  and  jointly  analyzed. 

c)  The  work  shall  include  both  participants  supporting  the  testing  in  the  FPST  and  IMG  through 
a  comparison  of  the  test  data  and  both  participants'  CFD  modeling.  These  results  will  then  be 
shared. 

d)  The  participants  will  jointly  prepare  a  final  report  to  document  the  activities  and  findings  for 
the  duration  of  this  project. 
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SECTION  FIVE:  SHARING  AND  BREAKDOWN  OF  WORK 


The  sharing  of  work  will  be  as  follows  with  the  DoD  and  MOD  participating  in  the  tests  at 
the  partner's  facility  as  required  and  agreed  upon,  availability  permitting: 

a.  DoD  will,  in  accordance  with  the  test  plan: 

1 .  execute  a  test  series  for  facility  calibration; 

2.  execute  a  test  series  using  the  DLR  Blunt  Cone  model; 

3.  fabricate  two  models  (designed  to  AEDC  specifications); 

4.  execute  a  test  series  using  two  models  (designed  to  AEDC  specifications);  and 

5.  provide  consultation  on  CFI  techniques. 

b.  MOD  will,  in  accordance  with  the  test  plan: 

1 .  execute  a  test  series  using  the  Aero-braking  model; 

2.  execute  a  test  series  using  the  Blunt  Cone  model; 

3.  execute  a  test  series  using  the  Shock  Interaction  model;  and 

4.  provide  consultation  on  diagnostic  techniques  to  include; 

-  static  cell  design 

—  holographic  interferometry  techniques 

—  LIF  analysis  methods  for  temperature  determination 
—  PLIF  collection  optics  laser  diode  absoiption 

c.  DoD  and  MOD  will  jointly  perform  in  accordance  with  the  test  plan; 

1.  the  defining  of  standard  conditions  for  tests; 

2.  the  selection  of  test  articles; 

3.  the  selection  of  instrumentation  and  diagnostics  to  be  exercised; 

4.  data  analysis  of  test  runs  at  both  the  FPST  and  HEG  facilities; 

5.  authoring  of  individual  test  series  technical  reports; 

6.  co-author  a  final  report  of  the  test  activities  and  findings;  and 

7.  perform  independent  computational  efforts  based  on  shared  test  conditions. 

SECTION  SIX:  SCHEDULE  OF  WORK 


The  project  will  proceed  according  to  the  schedule  in  Appendix  A  hereof,  which  is  an  inte¬ 
gral  part  of  this  PA. 

The  final  report  shall  be  transmitted  to  the  RTPs/EAs  six  months  before  the  termination  date 
for  the  PA. 
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SECTION  SEVEN:  MANAGEMENT 


1 .  Proj  ect  Officers : 


US  PO: 

Ron  Bishel 

Title/Position: 

Technology  Project  Manager 

Organization: 

AEDC  Directorate  of  Technology 

Address: 

Arnold  AFB,  TN  37389-9011 

Phone: 

615-454-7734  DSN  340-7734  Fax  -3559 

US  PO  (alt): 

Dave  Stallings 

Title/Position: 

Engineering  Specialist 

Organization: 

Sverdrup  Technology,  Inc. 

Address: 

Arnold  AFB,  TN  37389 

Phone: 

615-454-3314  DSN  340-3314  Fax  -3644 

Email: 

dave.  stallings@amold.  af.mil 

German  PO: 

Georg  Eitelberg 

Title/Position: 

Head  Aerothermal  Branch 

Organization: 

DLR  Institute  for  Flow  Mechanics 

Address: 

Bunsenstrasse  10 

D-37073  Gottingen,  Germany 

Phone: 

49-551-709-2339  Fax  -2800 

German  PO: 

Matthias  Erich  Funk 

Title/Position: 

Missile  Aerodynamics 

Organization: 

Bundesamt  fur  Wehrtechnik  und  Beschaffung 
(BWB)  WF  I  6 

Address: 

Postfach  7360 

D-56057  Koblenz,  Germany 

Phone 

49-261-400-7306  Fax  -7429 

SECTION  EIGHT:  FINANCIAL  ARRANGEMENTS 


The  Parties  estimate  that  the  total  cost  of  performance  of  the  work  under  this  PA  shall  not 
exceed  4.48  million  US  dollars  or  6.72  million  German  marks  based  on  an  exchange  rate  of  $1  equals 
1.5  German  marks.  The  work  shall  be  shared  approximately  equally  over  the  life  of  the  project. 

The  DoD  share  of  the  work  shall  not  cost  more  than  $2.24  million.  The  FMOD  share  of  the 
work  shall  not  cost  more  than  3.16  million  German  marks.  Cooperative  efforts  of  the  Parties  over 
and  above  the  jointly  agreed  work  set  forth  in  the  SCOPE  OF  WORK  and  SHARING  OF  WORK 
and  FINANCIAL  ARRANGEMENTS  sections  shall  be  subject  to  amendment  to  this  PA  or  signa¬ 
ture  of  a  new  PA. 
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SECTION  NINE:  CLASSIFICATION 


No  classified  information  will  be  exchanged  under  this  PA. 

SECTION  TEN:  PRINCIPAL  ORGANIZATIONS  INVOLVED 


Arnold  Engineering  Development  Center  (AEDC) 

Directorate  of  Technology  (DOT) 

1099  Avenue  C 

Arnold  Air  Force  Base,  TN  37389-9011 
USA 

Deutsche  Forschungsanstalt  fur  Luft-und  Raumfahrt  (DLR) 

10  Bunsenstrasse 
D-37073  -  Gottingen 
Germany 

SECTION  ELEVEN:  LOAN  OF  MATERIALS.  SUPPLIES  AND  EQUIPMENT 

One  of  the  objectives  of  the  project  is  to  improve  nonintrusive  diagnostic  capabilities  by 
sharing  different  techniques  and  equipment. 

To  accomplish  this,  the  DoD  will  loan  instrumentation  and  diagnostic  equipment  to 
participate  in  the  German  tests  at  the  BEG  as  required.  This  equipment  is  required  to  obtain  data 
in  the  HEG  to  evaluate  the  effectiveness  of  the  diagnostic  hardware  and  techniques  under  different 
facility  operating  conditions.  The  MOD  will  also  loan  the  instrumented  "DLR  BluntCone"  model. 
This  item  is  required  to  obtain  comparative  test  data  on  one  test  article  in  the  two  different 
facilities.  The  following  items  (hereinafter  referred  to  as  the  'Property')  will  be  loaned: 

The  DoD  may  provide  the  following  listed  Property  to  the  MOD,  as  required  and  appropriate 
to  meet  the  objectives  of  the  cooperative  program.  Depending  on  the  results  of  the  experiments 
during  the  course  of  this  agreement,  some  or  all  of  this  equipment  may  be  required.  Decisions  as 
to  which  systems  are  ultimately  used  will  be  jointly  agreed  to  by  the  DoD  and  MOD  Project 
Officers. 

Quantity  Description 

1  A  filtered  Rayleigh  scattering  system  which  consists  of  a  copper-vapor  laser, 

laser  focusing  optics,  scattered  light  collection/imaging  optics,  a  temperature- 
controlled  iodine  cell  for  optical  filtering,  a  cooled  photomultiplier  tube  detec¬ 
tor,  and  a  personal  computer  for  system  control,  data  acquisition,  and  data 
reduction. 
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1  A  mass  spectroscopy  probe  which  consists  of  a  skimmer  nozzle,  a  time-of- 

flight  mass  spectrometer,  vacuum  pumps,  and  a  personal  computer  for  system 
control,  data  acquisition,  and  data  reduction. 

1  A  high  speed  flow  visualization  system  which  consists  of  a  copper-vapor  laser, 

laser  sheet  forming  optics,  scattered  light  collection/imaging  optics,  optical  fil¬ 
ters,  a  high  speed  framing  camera,  and  a  personal  computer  for  system  control, 
data  acquisition,  and  data  reduction. 

None  of  this  Property  will  be  expended  in  the  course  of  the  RTP/PA.  A  typical  loan  period 
is  expected  to  be  approximately  two  to  three  months.  The  loan  of  the  Property  will  be  coordi¬ 
nated  with  the  test  schedules  of  the  FPST  and  the  HEG,  as  agreed  to  by  the  DoD  and  MOD 
Project  Officers. 

The  US  is  responsible  for  all  costs  and  preparation  of  transportation  of  Property.  The  US 
will  deliver  the  Property  at  a  point  determined  by  the  MOD  and  DoD  Project  Officers. 

The  Federal  Republic  of  Germany  will  be  responsible  for  properly  maintaining  the  Property 
and  will  return  the  Property  to  the  US  at  a  point  determined  by  the  DoD  and  MOD  Project  Offic¬ 
ers  upon  expiration  of  the  agreed  loan  period  in  as  good  condition  as  when  received,  reasonable 
wear  and  tear  excepted,  or  pay  the  cost  of  any  damage. 

The  MoD  will  provide  the  following  Property  to  the  DoD.  As  with  the  US  diagnostic  equip¬ 
ment,  the  use  of  the  laser  diode  absorption  system  will  be  as  deemed  appropriate  and  necessary, 
as  agreed  between  the  DoD  and  MOD  Project  Officers. 

Quantity  Description 

1  DLR  Blunt-Cone  as  built  for  testing  in  the  FIEG.  This  model  is  a  spherically 

blunt  cone  with  a  4.66-deg  half  angle,  a  108.15  mm  base  diameter,  and  29.17 
mm  nose  radius. 

A  laser  diode  beam  transmission  system  will  be  supplied  to  monitor  the  particu¬ 
late  contamination  level  during  facility  runs.  This  system  consists  of  the  laser 
diode,  power  supply,  wavelength  control  electronics,  beam  shaping  optics,  col¬ 
lection  optics,  photodiode  transmission  detector,  and  a  PC  for  system  control, 
data  acquisition,  and  data  reduction. 

This  Property  will  not  be  expended  in  the  course  of  the  RTP/PA.  The  loan  period  is 
expected  to  be  approximately  two  to  three  months.  The  loan  of  the  Property  will  be  coordinated 
with  the  test  schedules  of  the  FPST  and  the  FIEG,  as  agreed  to  by  the  DoD  and  MOD  Project 
Officers. 
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The  Federal  Republic  of  Germany  is  responsible  for  all  costs  of  preparation  and  transporta¬ 
tion  of  Property.  The  MOD  will  deliver  the  Property  at  a  point  determined  by.  the  DoD  and 
MOD  Project  Officers. 

The  US  will  be  responsible  for  properly  maintaining  the  Property  and  will  return  the  Prop¬ 
erty  to  the  Federal  Republic  of  Germany  at  a  point  determined  by  the  MOD  and  DoD  Project 
Officers  upon  expiration  of  the  agreed  loan  period  in  as  good  condition  as  when  received,  reason¬ 
able  wear  and  tear  excepted,  or  pay  the  cost  of  any  damage.' 

SECTION  TWELVE:  ENTRY  INTO  FORCE,  DURATION  AND  TERMINATION 

This  FPST/HEG  PA,  a  Project  under  the  RTP  MOU  between  the  Secretary  of  Defense  on 
behalf  of  the  Department  of  Defense  of  the  United  States  of  America  and  the  Federal  Minister  of 
Defense  of  the  Federal  Republic  of  Germany,  shall  enter  into  force  upon  signature  by  the  RTP 
MOU  Executive  Agents,  and  shall  remain  in  force  for  five  years  unless  terminated  by  either 
Party.  It  may  be  extended  by  written  agreement  by  the  RTP  MOU  Executive  Agents. 


The  US  RTP/EA 
Signature 

Clinton  V.  Horn,  Maj  Gen.  USAF 
Name 

Principal  Assistant  Deputy  Under  Secretary 

of  the  Air  Force  (International  A 

Title 

28  April  1997 
Date 

Berlin,  Germany 
Location 


Signature 

Rolf  Schreiber 
Name 

Chief  of  the  Air  Armaments  Division 
Directorate  General  of  Armament 
Title 

28  April  1997 
Date 

Berlin,  Germany 
Location 
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Appendix  A:  FPST/HEG 
WORK  SCHEDULE  (in  months) 


MONTHS 

1-3 

4.6 

7-9 

10-12 

13-15 

16-18 

19-21 

22-24 

SPECIFICATIONS 

Standardized  Conditions 

Test  articles 

X — X 

X — X 

Instr  &  Diagnostics 

X — X 

TESTS 

DLR 

Aero  Braking 

X — X 

Blunt  Cone 

Shock  Interaction 

X — X 

X — X 

AEDC 

Facility  calibration 

X— 

- X 

Model  fabrication 

Model  #1 

DLR  Blunt  cone 

Model  #2 

X — X 

X — X 

X — X 

X — X 

COMPUTATIONS 

Code  validation 

X— 

— 

— 

— 

— 

— 

— 

— X 

CONSULTATION 

AEDC 

CFI 

X - 

— 

— 

- X 

DLR 

Static  cell.  Holographic 
interferometry,  LIF,  PLIF, 

Laser  diode  absorption 

X— 

- X 

EQUIP  EXCHANGE 

DLR  Supplied 

DLR  Blunt  cone 

Laser  diode  absorption 

X— 

- X 

X — X 

AEDC  Supplied 

Mass  spec  probe 

x— 

—X 

Rayleigh  scatter 

High  Speed  flow  visual 

X— 

—X 

X— 

—X 

REPORTING 

Progress 

X 

X 

X 

X 

X 

X 

X 

X 

Test  Series 

Final 

X— 

X - 

X - 

X - 

X - 

X - 

X— 

X - 
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APPENDIX  2 

LDA  DATA  REDUCTION  SOFTWARE 
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To  measure  gas  properties,  such  as  temperature,  velocity,  and  species  concentration,  a  laser  diode 
absorption  (LDA)  spectroscopy  system  using  rubidium  (Rb)  as  the  probe  species  was  employed.  Since  the 
gas  does  not  naturally  contain  this  probe  species,  an  aqueous  Rb  salt  solution  was  applied  to  the  driver  gas 
diaphragm.  The  salt  was  dissociated  into  atomic  Rb  by  the  shock-heated  gas.  To  detect  the  Rb,  the  D-> 
ground  state  transition  (5S 1/2 — >5P3/2)  at  780.2  nm  was  probed  by  an  InGaAlAs  single  frequency  mode 
diode  laser  beam  passing  through  the  test  section.  The  laser  drive  current  and  temperature  determine  the 
wavelength  emitted.  To  scan  the  laser  frequency  across  the  Rb  transition,  the  laser  temperature  was  held 
constant  while  the  injection  current  was  varied.  In  this  application,  the  injection  current  was  modulated  by 
a  15  KHz  symmetric  triangle  function.  In  addition  to  tuning  the  laser  wavelength  across  the  Rb  transition, 
the  current  modulation  also  produced  modulation  in  the  laser  power.  Figure  1  is  an  example  of  a  raw  trans¬ 
mission  signal  obtained  during  laboratory  testing,  where  the  driver  gas  was  seeded  with  428  pg  of  Rb.  The 
inset  shown  in  Fig.  1  is  a  detail  of  this  signal  illustrating  the  unwanted  amplitude  modulation  in  laser  power 
caused  by  the  current  tuning. 


The  goal  of  this  effort  was  to  determine  driver  gas  arrival  time  with  the  LDA  system.  In  order  to 
achieve  this  goal,  a  data  reduction  program  was  needed  to  eliminate  the  laser  power  amplitude  modulation, 
thus  leaving  the  absorption  spectra.  In  Figure  1,  the  driver  gas  arrival  at  4  ms  is  clear  from  the  large  drop  in 
laser  transmission  (the  absorption  between  the  firing  of  the  shock  tunnel  at  0  ms  and  1  ms  is  due  to  residual 
Rb  present  in  the  test  gas  flow),  however  this  is  not  normally  so.  In  order  to  make  measurements  based 


LDA  Absorption  Data  -  Unprocessed 


Laboratory  Shock  Tunnel  -  Shot  5 
Nozzle  Seed:  0  ugr  -  Driver  Gas  Seed:  429  ugr 


Time  (sec) 


Figure  1:  Raw  photodiode  signal 
obtained  during  a  laboratory  shock 
tunnel  test.  The  inset  is  a  detail  of 
the  signal  showing  the  laser  power 
modulation  and  the  Rb  absorption. 
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upon  the  Rb  absorption,  it  is  necessary  to  eliminate  the  modulation  in  the  laser  power.  Unfortunately,  a  ref¬ 
erence  signal  of  the  null  laser  power,  that  is  to  say  the  laser  signal  without  the  Rb  absorption,  was  not  taken. 
Therefore,  a  program  to  numerically  eliminate  the  amplitude  modulation  from  the  data  signals  was  devel¬ 
oped.  Also,  for  the  data  signals  obtained  in  the  Impulse  Facility,  the  removal  of  noise  spikes  generated  by  a 
copper  vapor  laser  (CuVL)  was  included  in  the  data  reduction  program.  The  CuVL  was  used  for  filtered 
Rayleigh  scattering  and  in  the  high-speed  flow  visualization  system. 

GeRiLA  (shortened  from  generalized  rubidium  laser  diode  absorption  algorithm)  is  the  FORTRAN 
program  developed  to  obtain  the  absorption  spectra  from  the  raw  photodiode  signals.  The  photodiode  sig¬ 
nals  were  acquired  with  a  LeCroy  digital  oscilloscope  that  stores  the  signal  in  an  ASCII  formatted  file  with 
50002  amplitude  and  time  pairs.  The  sampling  rate  of  the  scope  depends  upon  the  time  duration  of  the  sig¬ 
nal  that  is  captured.  The  GeRiLA  program  manipulates  this  data  file  to  get  the  desired  results. 

After  declaring  the  needed  parameters,  arrays,  and  variables,  a  subroutine  is  called  to  read  the  input 
file  where  specific  variables  needed  to  reduce  a  file  are  stored.  The  input  file  contains  the  following 
variables: 

1 .  the  name  of  the  data  file  to  be  reduced, 

2.  whether  or  not  the  CuVL  noise  is  to  be  removed, 

3.  the  number  of  points  used  in  a  smoothing  filter, 

4.  the  approximate  number  of  points  in  the  signal  before  the  initial  shock, 

5.  the  offset  needed  to  ensure  the  amplitude  has  a  value  greater  than  zero, 

6.  the  upper  and  lower  threshold  of  the  pre-shock  signal, 

7.  the  amplitude  value  of  the  mid-point  of  the  laser  signal, 

8.  how  many  points  to  use  for  line  fitting  and  the  number  of  points  to  move  in  from  the  endpoints 
of  the  sweep, 

9.  which  data  to  output, 

10.  the  standardized  frequency  dimension, 

1 1 .  whether  to  output  the  results  in  transmission  or  absorption  form. 
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The  program  then  reads  the  data  points  in  the  selected  fde  into  two  different  arrays:  one  for  time  (xin) 
and  the  other  for  amplitude  (yin).  The  offset  value  is  then  added  to  the  amplitude  information  stored  in  the 
yin  array. 

If  the  variable  for  the  CuVL  removal  is  set  to  1  (as  it  would  be  for  impulse  facility  data),  the  GeRiLA 
program  finds  the  noise  spikes  via  a  two-point  derivative  marker,  and  uses  the  points  around  the  noise  spike 
to  replace  it  with  a  linear  fit  between  the  points  around  the  noise  spike.  The  signal  is  then  smoothed  using  a 
boxcar  filter,  and  stored  in  a  separate  array  from  the  actual  data  signal.  This  smoothed  data  set  is  only  for 
finding  the  extrema  of  the  signal  for  sweep  separation,  while  the  actual  signal  is  used  for  the  data  reduction. 

Using  the  approximate  number  of  points  before  the  shock  and  the  upper  and  lower  threshold  values 
from  the  input  file,  the  program  segments  the  pre-shock  signal  into  separate  sweeps  (both  up  and  down)  and 
analyzes  the  number  of  points  in  each  sweep.  This  information  is  then  used  to  find  the  actual  extrema  by 
taking  this  number  as  an  estimate  for  the  number  of  points  in  the  next  sweep  and  searching  for  the  actual 
extremum  around  that  point.  The  process  is  repeated  until  the  end  of  the  signal  is  reached.  The  time  value 
for  the  maximum  and  minimum  of  each  sweep  are  stored  in  the  start  and  stop  point  arrays. 

0.6  5 

0.6  0 

0.5  5 

■|  0.5  0 

> 

0.4  5 
0.4  0 
0.3  5 


Figure  2:  Graph  depicting  original  sweep,  the  segments  used  to  generate  a  fit,  and  the 
actual  polynomial  fit  produced. 


Signal  F  it 


Relative  Point 


Offsetting  from  each  start  and  stop  point  (determined  by  the  input  value  IOFF)  and  counting  a  set 
number  of  points  (input  value  IDLL),  a  linear  and  polynomial  least  squares  function  are  fit  to  this  sweep 
using  the  Numerical  Recipes  subroutines  FIT  and  LFIT1,  and  stored  in  the  fit  arrays.  Figure  2  illustrates 


1.  W.  H.  Press,  S.  A  Teukolsky,  W.  T.  Vetterling,  B.  P.  Flannery,  Numerical  Recipes  in  FORTRAN: 
The  Art  of  Scientific  Computing,  2nd  ed.,  New  York:  Cambridge  University  Press,  1992. 
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Figure  3:  Image  of  all  scan  profiles.  The 
first  peak  is  test  gas  absorption.  The  second 
peak  is  driver  gas  absorption. 


Figure  4:  Image  of  even  scan  profiles. 
Note  that  the  peak  absorption  in  near  the 
bottom  of  the  image. 


this  process.  If  needed,  these  fit  arrays  are  then  written  to  files  datoutxxx.asc  and  fitoutxxx.asc  (where  xxx 
represent  the  specific  sweep  number)  for  later  analysis.  Because  it  usually  follows  the  signal  more  closely, 
the  polynomial  fit  is  subtracted  from  the  signal  leaving  the  pure  absorption  profile,  which  is  stored  in  the 
absorption  array.  Since  the  absorption  arrays  have  unequal  dimensions  (due  to  the  variation  in  the  number 
of  points  in  each  sweep),  an  interpolation  routine  LAGINT  is  used  to  map  each  array  to  a  standard  size, 
given  by  NF  from  the  input  file.  The  value  used  throughout  this  application  was  256.  The  profile  is  next 
integrated  and  the  value  stored  in  the  SUM  array  according  to  scan  number.  This  process  is  repeated  for 
each  scan,  typically  300  scans  for  this  application. 


The  absorption  profiles  are  each  written  to  two  image  files:  all  profiles  are  written  to 
COMPILEBOTH.saf,  the  odd  scans  are  written  to  COMPILEODD.saf,  and  the  even  scans  are  written  to 
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Figure  5:  Image  of  odd  scan  profiles.  Note  the 
changes  in  direction  of  the  profiles  from  the 
even  scan  image;  the  peak  absorption  is  now 
near  the  top  of  the  image. 


Frequency  Integrated  Signal 


Time  (sec) 


Figure  6:  Frequency  integrated  signal  showing 
laser  beam  transmission  history.  The  drop  in 
transmission  around  4  msec  is  due  to  driver  gas 
arrival. 
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Absorption  Profile  at  1 .1 6  msec 


Relative  Laser  Frequency  (AU) 

Figure  7:  Absorption  profile,  generated  by  the 
GeRiLA  program,  showing  rubidium  absorption 
in  the  test  gas. 


Absorption  Profile  at  4.53  msec 


Relative  Laser  Frequency  (AU) 

Figure  8:  Profile  showing  rubidium  absorption 
in  the  driver  gas,  also  generated  by  the 
GeRiLA  program. 


COMPILEEVEN.saf.  The  x-axis  of  the  image  file  is  the  scan  number,  the  y-axis  is  the  relative  laser 
frequency,  and  the  color  depth  is  the  amplitude  information  of  the  absorption  profiles.  A  sample  combined 
image  file  from  a  laboratory  shock  tunnel  test  is  shown  in  Fig.  3.  Figures  4  and  5  are  sample  even  and  odd 
scan  image  profiles  from  a  laboratory  shock  tunnel  test;  note  that  in  Fig.  4  (even  scans)  the  peak  absorption 
(largest  feature)  is  near  the  bottom  of  the  image,  and  in  Fig.  5  (odd  scans)  the  peak  absorption  is  near  the 
top  of  the  image.  This  effect,  which  is  due  to  the  laser  scanning  technique  used,  was  later  corrected  by 
reversing  the  points  in  the  odd  scans.  Finally,  the  SUM  array  is  written  to  the  file  FIS. pod.  When  plotted, 
this  file  shows  the  time  history  of  laser  beam  transmission  or  of  Rb  absorption,  whichever  is  selected  in  the 
input  file.  Figure  6  is  a  sample  transmission  history  plot  from  a  laboratory  shock  tunnel  test.  Figures  7  and 
8  are  absorption  profiles  generated  by  the  GeRiLA  program  from  test  gas  absorption  and  driver  gas 
absorption,  respectively. 
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APPENDIX  3 

SHEARING  AND  CONVENTIONAL  INTERFEROMETRY 
FROM  HOLOGRAPHIC  CIMEMATOGRAPHY 
AEDC  IMPULSE  FACILITY 
RUNS  33  AND  35 
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Shearing  and  Conventional 
Interferometry  from 
Holographic  Cinematography 
AEDC  Impulse  Facility 
Runs  33  and  35 

Purchase  Order  #T00-64 

29JUN01 


North  Dancer  Labs,  Inc. 
4740  Shelburne  Road 
P.  O.  Box  99 

Shelburne,  VT  05482-0099 
ndl@sover.net 
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1  Introduction 

This  final  report  details  the  methods  and  results  of  work  performed  by  North  Dancer  Labs 
(NDL),  Inc.,  Shelburne,  VT,  under  contract  with  AEDC/Sverdrup,  Inc.  (PO#  T00-64.)  The 
goal  of  this  contract  was  to  obtain  2D  gas  density  data  from  holograms  recorded  by  NDL 
at  the  AEDC  Impulse  Facility  during  Runs  33  and  35,  on  June  9-12,  1998.  Specifically, 
NDL  has,  through  optical  and  computer  post-processing,  performed  both  shearing  and 
conventional  holographic  interferometry  to  obtain  this  data  from  the  wavefronts  recorded 
in  the  holograms.  Deliverables  for  the  contract  include  this  report  and  the  2D  number  den¬ 
sity  data  on  CD  in  both  tabulated  text  format  compatible  with  Microsoft  Excel  and  in  Win¬ 
dows  bitmap  format.  In  addition,  NDL  has  included  the  source  code  used  to  perform  the 
computer  processing. 

With  the  holograms  recorded  on  film,  70  and  75  time  frames  for  Runs  33  and  35,  both 
shearing  and  conventional  interferometers  were  assembled.  Each  time  frame  was  digi¬ 
tized  using  custom  software  with  four  phase-shifted  images  each.  The  sheared  interfero- 
grams  were  digitized  with  shear  in  both  the  x  and  y  axes.  Post-processing  with  Interactive 
Data  Language  (IDL)  5.4  yielded  phase  maps.  In  the  case  of  the  sheared  interferograms, 
the  overall  phase  was  reconstructed  from  the  sheared  phase,  which  is  a  finite-difference 
approximation  of  the  gradient.  Then  all  the  resulting  phase  maps  were  converted  to  differ¬ 
ential  2D  density  measurements.  The  results  allow  comparison  of  the  relative  merits  of 
shearing  and  conventional  interferometry  for  flow  diagnostics. 

2  Optical  Methods 

2. 1  Holographic  Recording 

Figure  1  below  illustrates  the  overall  optical  layout  used  to  record  holographic  cinematog¬ 
raphy  of  Runs  33  and  35  at  the  AEDC  Impulse  Facility.  The  light  source  was  an  Oxford 
Lasers’  LS  series  copper  vapor  laser  with  an  off-axis  unstable  resonator  cavity.  The  laser 
produced  20  W  average  power  with  roughly  30  ns  pulses  at  511  and  578  nm.  First,  the 
green  and  yellow  lines  were  separated  with  a  dichroic  splitter  and  only  the  green  line, 
which  accounts  for  about  2/3  the  power  in  the  beam,  was  used.  Then  a  standard  spatial 
filter,  consisting  of  a  focusing  lens,  a  pinhole  and  a  recollimating  lens,  was  used  to 
improve  the  transverse  mode  of  the  laser. 

The  copper  vapor  laser  beam  was  split  into  object  and  reference  beams  with  about  50% 
going  to  each.  The  object  beam  was  expanded  to  roughly  300  mm  in  diameter  using  a 
simple  lens,  a  flat  fold  mirror  and  a  concave  mirror.  This  collimated  object  beam  passed 
through  the  tube  via  windows  on  either  side  at  which  point  an  identical  concave  mirror 
and  fold  mirror  focused  the  image  into  the  holographic  recorder  (see  Figure  1).  The  refer¬ 
ence  beam  was  directed,  using  various  fold  mirrors,  under  the  tube  and  up  into  the  holo¬ 
graphic  recorder.  The  path  lengths  of  the  object  and  reference  beams  from  the  splitter  to 
the  film  plane  were  matched  to  within  1  cm.  A  slow  (f  =  1  m)  lens  was  used  to  focus  the 
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reference  beam  to  the  film  plane  in  order  to  match  the  size  and  transverse  mode  of  the 
object  beam. 


Figure  1:  Holographic  recording  layout  at  the  AEDC  Impulse  Facility 

The  holographic  recorder  was  placed  in  the  object  beam  as  shown  in  Figure  2.  The  focal 
point  of  the  concave  mirror  was  after  the  film.  The  collimated  portion  of  the  beam  focused 
at  this  point.  The  image,  however,  of  the  test  model  was  a  virtual  image  because  the 
model  was  inside  the  focal  length  of  the  mirror.  This  arrangement,  while  not  ideal  for  holo¬ 
graphic  recording,  was  used  to  minimize  impact  on  the  Cordin  camera,  which  recorded 
the  object  beam  after  it  passed  through  the  holographic  recorder. 


Figure  2:  Holographic  recorder 

The  motor  of  the  disk  transport  spins  the  115-mm  diameter  film  disk  at  6000  rpm  (100 
rps).  The  hologram  is  recorded  at  radius  of  48  mm  on  the  film  giving  a  linear  velocity  of 
27t(51  mm)(100  rps)  =  3.2  x  104  mm/s.  With  the  approximately  4  mm  diameter  of  the  holo¬ 
gram,  a  maximum  recording  rate  of  (3.2  x  104  mm/s)/(4  mm)  =  8.0  kHz  with  the  ability  to 
record  up  to  2tt:(51  mm)/(4  mm)  =  80  holograms  for  this  particular  configuration.  Only 
about  75  holograms  were  actually  recorded  to  prevent  overlap  of  the  first  and  last  images. 
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The  holograms  of  Runs  33  and  35  were  both  recorded  at  8  kHz  on  Agfa  8E75  green-sensi¬ 
tive  holographic  film.  Timing  of  the  laser  was  accomplished  with  an  Oxford  Lasers’  ‘n’-shot 
controller.  It  accepted  a  TTL  timing  signal  from  a  transducer  built  into  the  shock  tube  facility 
and  shuttered  and  fired  the  copper  vapor  for  approximately  75  pulses.  The  film  was  pro¬ 
cessed  using  a  pyrogallol  developer  and  bleached,  not  fixed,  to  produce  phase  holograms. 

2.2  Holographic  Reconstruction  and  Interferometry 

The  immediate  goal  of  the  shearing  interferometer  is  to  interfere  the  reconstructed  wave- 
front  with  a  copy  of  itself  at  a  slight  lateral  displacement,  or  shear  (see  Figure  3).  Shearing 
interferometry  is  an  alternative  to  conventional  interferometry  where  the  wavefront  is 
interfered  with  a  plane  wave  or  a  “no-flow”  wavefront.  Conventional  interferometry  mea¬ 
sures  refractive  index,  which  can  then  be  related  to  other  quantities,  typically  density.  In 
the  limit  of  small  shear  distances,  shearing  interferometry  measures  a  finite-difference 
approximation  of  the  partial  derivative  of  the  refractive  index  in  the  direction  of  the  shear. 
The  gradient  itself  may  be  interesting  or  it  can  be  inverted  in  some  cases  to  give  the 
refractive  index. 


Figure  3:  One-dimensional  illustration  of  the  difference  between 
conventional  and  shearing  interferometry.  The  top  images  show  the 
phase  of  the  two  wavefronts  being  subtracted.  The  bottom  images 
show  the  results  of  the  subtraction.  Note  that  in  the  actual 
interferogram  the  phase  is  represented  by  the  fringe  number. 

In  practice,  a  linear  component  is  often  added  to  the  shear  by  introducing  a  slight  tilt  in 
one  leg  of  the  interferometer.  This  produces  a  finite  fringe  interferogram,  i.e.,  an  interfero¬ 
gram  with  straight  carrier  fringes.  This  was  done  for  several  reasons.  Primarily,  the  carrier 
fringes  allow  visualization  and  calculation  of  the  phase  shift,  \|/,  when  calibrating  the 
piezoelectric  stage.  Second,  introducing  carrier  fringes  tends  to  reduce  the  susceptibility 
of  the  interferometer  to  digitization  errors  resulting  from  external  vibrations.  In  addition,  it 
is  simply  easier  to  purposely  introduce  a  linear  carrier  and  subtract  it  than  it  is  to  perfectly 
nullify  the  fringes. 

Figure  4  shows  the  optical  layout  used  to  reconstruct  the  holograms  and  perform  shear¬ 
ing  interferometry  on  the  resulting  wavefronts. 
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Figure  4:  Shearing  Interferometry 

Ideally  the  holograms,  recorded  at  51 1  nm,  would  be  reconstructed  with  either  another 
copper  vapor  laser  or  with  an  air-cooled  argon  at  514.5  nm.  In  the  absence  of  a  green 
laser,  a  HeNe  laser  at  632.8  was  used  to  reconstruct  the  holograms.  Optically,  the  only 
compensation  necessary  to  reconstruct  in  the  red  is  to  increase  the  reference  beam 
angle  so  that  Vedsin9green=^greensin0red-  Additionally,  using  the  HeNe  introduces  a  shift 
in  focus  and  magnification  such  that  the  real  image  will  be  smaller  and  form  in  a  shorter 
distance  in  the  red.  In  reconstructing  these  holograms,  the  cone  angle  of  the  converging 
reference  beam  (a  1  m  positive  lens  was  used)  was  only  approximately  matched  to  that  of 
the  original  green  reference  beam  because  the  optics  of  the  subsequent  interferometer 
could  compensate  for  moderate  magnification  changes. 

The  film  is  mounted  on  glass  disks  that  can  be  rotated  so  that  different  time  frames  are 
illuminated.  A  simple  lens  relayed  the  real  image  formed  by  holographic  reconstruction 
and  formed  real  images  on  each  mirror  of  the  Mach-Zehnder  interferometer  (see  Figure 
5).  The  first  beam  splitter  forms  the  two  legs  of  the  interferometer.  The  first  leg  passes 
straight  through  the  second  splitter  via  a  fold  mirror.  The  second  leg  is  similar  except  that 
the  fold  mirror  in  this  case  is  mounted  on  the  piezoelectric  translation  stage  to  allow  multi¬ 
ple  phase-shifted  interferograms  to  be  recorded. 
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Figure  5:  Illustration  of  the  insensitivity  of  the  image  placement  (and 
therefore  the  shear)  to  the  tilt  of  the  mirror  for  controlling  carrier 
frequency.  The  first  real  image  is  shown  slightly  off  the  mirror  for 
clarity. 

The  advantage  of  re-imaging  onto  the  interferometer  mirror  is  that  it  is  now  possible  to 
adjust  the  carrier  frequency  (finite  fringes)  of  the  interferogram  independently  of  the 
shear.  This  greatly  simplifies  alignment  by  allowing  the  shear  to  be  set  first  followed  by 
adjustment  of  the  fringe  frequency  without  affecting  the  shear. 

The  piezoelectric  stage  used  to  alter  the  path  length  in  the  second  leg  of  the  interferome¬ 
ter  was  a  Burleigh  model  PZ-81  open-loop  piezo  with  2  pm  full  travel  at  1  kV  applied  volt¬ 
age.  This  particular  model  stage  is  actually  an  aligner/translator  type  stage  incorporating 
three  piezos  at  120°.  By  driving  all  three  crystals  at  the  same  voltage,  each  crystal  trans¬ 
lates  equally  and  the  device  performs  as  a  linear  translation  stage. 

The  stage  was  driven  using  a  Bertan  model  602C-30P  high  voltage  power  supply  capable 
of  0-3  kV  at  5  mA.  The  voltage  is  adjusted  via  an  analog  input  where  0-5  V  DC  produces 
0-3  kV  DC.  Either  a  simple  potentiometer  arrangement  or  a  remote  analog  signal  can  be 
connected  to  this  input  to  provide  manual  or  automatic  control,  respectively. 

The  images  were  digitized  using  a  Hitachi  KP-F2A  640  x  480  x  8-bit  CCD  camera.  No 
lens  was  necessary  on  the  camera  because  a  real  image  was  formed  by  the  lenses  in  the 
interferometer  optics. 

Alignment  of  the  images  consisted  of  setting  the  carrier  frequency  and  the  shear  to  the 
desired  values  -  roughly  5  fringes  and  5  pixels,  respectively.  The  shear  amount  was  cho¬ 
sen  to  give  more  sensitivity  than  just  1  pixel  shear  but  low  enough  that  the  spatial  band¬ 
width  of  the  resulting  phase  maps  would  not  be  too  limited  (see  Section  Shear  Removal 
(Shearing  Interferometry  Only)).  The  carrier  fringe  frequency  was  chosen  to  give  good 
visualization  of  the  phase  shift  but  low  enough  that  there  would  be  no  fringe  aliasing.  The 
shear  could  be  set  first  by  rotating  or  tilting  the  first  beam  splitter.  Carrier  frequency  was 
adjusted  by  tilting  the  mirror  of  the  interferometer  leg  without  the  piezo  stage. 

Conventional  interferometry  was  also  performed  with  holograms  from  Runs  33  and  35. 
The  original  plan  had  been  to  physically  remove  the  first  hologram  from  each  disk  and 
use  them  to  optically  subtract  the  no-flow  phase.  Instead  NDL  made  a  copy  of  the  first 
holograms.  Figure  6  shows  the  layout,  a  modified  version  of  the  shearing  interferometer. 
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The  phase-shifting  leg  and  both  beamsplitters  of  the  Mach-Zehnder  are  removed.  A  holo¬ 
graphic  plate  (Slavich  PFG-01)  is  inserted  in  the  reconstructed  image  just  after  the  film 
disk.  A  second  reference  beam  is  directed  to  the  plate  via  a  mirror  on  the  piezoelectric 
stage.  A  short,  shuttered  exposure  followed  by  a  pyrogallol  developer  and  bleach  results 
in  a  copy  of  the  no-flow  hologram.  Reinserting  the  second  hologram  reconstructs  a  sec¬ 
ond  copy  of  the  wavefront.  Adding  a  slight  tilt  in  the  desired  axis  generates  carrier  fringes. 
Applying  voltage  to  the  piezo  stage  imparts  a  phase  shift  on  the  second  reference  beam 
and,  therefore,  on  the  second  wavefront. 


Figure  6:  Conventional  Interferometry 

In  the  case  of  both  the  shearing  and  conventional  interferometry,  calibration  of  the  phase 
shift  was  necessary  because  of  the  non-trivial  geometry  of  the  interferometers.  The  ideal 
phase  shift  is  nl4  or  1/4  fringe.  Once  the  image  was  aligned  with  the  proper  shear  and 
phase  shift,  the  voltages  for  the  phase  shift  were  set  to  a  best  guess  by  visually  checking 
that  the  fringes  shifted  by  half  a  fringe  from  the  first  phase  shift  to  the  third  phase  shift. 
Then  images  of  the  first  and  third  phase  shifts  were  digitized.  Line  profiles  in  the  appropri¬ 
ate  direction  -  horizontal  for  x  shear,  vertical  for  y  shear  -  were  extracted  from  the  images 
and  the  FFT’s  of  each  profile  were  examined.  The  peak  corresponding  to  the  carrier  fre¬ 
quency  was  located  and  the  phase  was  calculated  from  the  complex  value  at  that  fre¬ 
quency  in  both  profiles.  The  phase  shift  voltages  were  then  adjusted  by  the  ratio  of  that 
phase  shift  to  the  ideal  phase  shift  between  the  first  and  third  images  of  ti/2. 

2.2.1  Digitization  Software 

With  four  conventional  and  eight  sheared  interferograms  needed  for  each  hologram  and, 
with  a  total  of  about  145  holograms  on  the  Run  33  and  35  disks,  over  1700  images  were 
digitized.  Because  of  this  large  volume  of  data,  a  simple  Windows  application  was  written 
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that  automates  several  aspects  of  the  digitization  process.  Figure  7  below  shows  a 
screen  shot  of  the  application. 


Figure  7:  Digitization  software  used  to  acquire  interferometry  data. 

The  application  allows  software  control  of  both  the  phase-shifting  piezoelectric  mirror 
translation  stage  and  the  Hitachi  KP-F2A  CCD  camera.  The  piezo  stage  is  controlled  with 
a  National  Instruments  PCI-MIO-16  analog  and  digital  I/O  board.  Four  toolbar  buttons 
(and  keyboard  shortcuts),  one  for  each  of  the  four  phase  shifts,  are  provided.  Clicking  one 
of  the  buttons  causes  the  I/O  board  to  output  a  predetermined  0-5V  DC  analog  voltage  to 
the  high  voltage  supply.  The  high  voltage  supply  translates  0-5V  DC  to  0-3kV  DC.  The 
piezo  then  translates  at  1  pm/kV.  The  four  phase  shift  voltages  are  altered  in  a  property 
settings  window. 

Control  of  the  Hitachi  CCD  is  accomplished  with  a  Coreco  Imaging  PCVision  8-bit,  640  x 
480  resolution  framegrabber.  The  software  development  kit  for  the  camera  provides  simple 
function  calls  that  allow  initializing  the  CCD,  display  of  live  video  to  the  client  area  of  a  win¬ 
dow,  and  acquisition  of  digitized  frames  into  host  computer  memory.  The  application 
makes  use  of  these  functions  by  providing  toolbar  buttons  (and  keyboard  shortcuts)  to 
allow  the  user  to  start/stop  live  video  and  to  grab  an  image.  However,  the  most  important 
enhanced  feature  for  CCD  control  is  the  ability  to  snap  multiple  frames  and  average  them. 
This  effectively  eliminates  the  effects  of  vibrations,  providing  that  the  amplitude  of  the 
vibrations  is  less  than  the  fringe  separation.  In  this  case,  irreversible  smearing  would  occur. 

In  addition  to  providing  simple  control  of  the  piezo  and  the  CCD  from  one  application,  the 
application  provides  two  other  important  features.  First,  it  automatically  names  files  to  be 
saved  to  disk.  The  user  provides  a  base  file  name  such  as  “Run33_X_Sheared_”,  and 
when  the  user  saves,  the  application  automatically  appends  the  frame  number  and  the 
phase  shift  number  to  the  filename  in  a  format  that  the  IDL  image  processing  code  can 
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recognize,  e.g.,  “Run33_X_Sheared_0021_2.bmp”.  Significant  efficiency  is  gained  by  not 
requiring  the  user  to  type  a  filename  for  each  of  the  1 700  digitized  images. 

The  final  and  perhaps  most  critical  feature  of  the  application  is  that  it  provides  a  means 
for  alignment  of  the  images  to  a  reference  image.  The  user  can  draw  alignment  marks 
directly  over  a  live  or  grabbed  image.  The  marks  can  be  used  to  align  the  next  image. 
This  is  particularly  useful  in  aligning  the  disk  rotation  before  digitizing  each  time  frame.  In 
addition  to  visually  aligning  the  live  image  to  the  alignment  overlay,  the  application  can 
make  a  Remote  Procedure  Call  to  IDL  via  an  ActiveX  control.  IDL  then  performs  a  cross¬ 
correlation  between  the  current  image  and  a  reference  image  and  relays  the  amount  of 
misalignment  (in  pixels)  back  to  the  user. 

The  commented  Visual  C++  6.0  source  code  for  the  digitization  application  is  included  on 
CD-ROM.  Because  the  IDL  ActiveX  control  requires  a  site  license,  IDL  5.4  must  be 
installed  with  the  proper  hardware  or  software  key  on  the  computer  platform  in  order  for 
the  cross-correlation  alignment  feature  to  function. 

3  Computational  Methods 

With  the  phase-shifted  interferograms  digitized,  the  images  were  processed  to  extract 
number  densities.  This  processing  was  carried  out  on  a  Dell  Dimension  desktop  com¬ 
puter  with  a  350  MHz  Pentium  III  processor  with  64  MB  RAM  and  a  6  GB  hard  drive.  All  of 
the  software  involved  was  implemented  using  Research  System’s  Interactive  Data  Lan¬ 
guage  (IDL)  version  5.4.  The  commented  source  code  is  included  on  CD-ROM. 

IDL  5.4  is  high-level  programming  language  similar  to  programs  such  as  MATLAB. 
Included  with  IDL  is  an  extensive  library  of  routines  oriented  toward  image  processing, 
signal  processing,  statistical  analysis,  3D  visualization,  etc..  In  addition,  IDL  provides  wid¬ 
get  routines  that  encapsulate  the  Windows  API  and  allow  the  creation  of  event-driven 
graphical  user  interfaces  with  controls  such  as  buttons,  scroll  bars,  pull-down  menus,  etc. 
NDL  used  IDL  to  perform  the  post-processing  and  visualization  of  the  digitized  interfero¬ 
grams.  The  use  of  IDL  greatly  reduced  the  overhead  involved  with  writing  the  code  in 
Visual  C++  or  Visual  Basic. 

The  overall  processing  scheme  was  implemented  as  follows: 

1 .  Pre-process  interferograms 

2.  Calculate  phase  shift 

3.  Extract  phase  modulo  2p 

4.  Unwrap  phase 

5.  Remove  linear  phase 

6.  Remove  no-flow  phase 

7.  Convert  phase  to  2D  gas  density  (or  density  gradient) 

8.  Invert  density  gradient  to  give  density  (sheared  phase  maps  only) 

9.  Output  data  to  files 
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Unless  noted  each  step  applies  to  both  conventional  and  shearing  interferometry.  The 
only  difference  in  processing  the  conventional  and  sheared  interferograms  is  the  addition 
of  step  8  to  integrate  the  density  gradient  to  give  the  density. 

3. 1  Interferogram  Pre-Processing 

The  only  preprocessing  performed  on  the  interferograms  prior  calculation  of  the  phase 
was  the  use  of  an  IDL  routine  called  “smooth”  to  filter  out  some  of  the  high  frequency 
noise.  This  low  pass  filtering  was  used  for  two  reasons.  First,  it  eliminated  the  high  fre¬ 
quency  noise  that  the  Hitachi  camera  introduced.  Second,  it  helped  reduce  the  number  of 
residues  in  the  phase,  thus  improving  the  performance  of  the  phase  unwrapping.  This 
routine  performs  a  2D  boxcar  average  with  the  kernel  size  set  by  the  user.  The  kernel  is 
truncated  at  the  edges  of  the  image.  A  3  pixel  kernel  was  used  in  all  the  interferograms. 
Thus,  each  pixel  was  given  a  value  equal  to  the  average  pixel  value  of  the  3  x  3  block  of 
pixels  centered  on  itself.  This  routine  was  chosen  over  a  standard  low  pass  filter  because 
it  does  not  introduce  “ringing”  at  sharp  edges  that  might  interfere  with  phase  extraction. 

3.2  Calculation  of  Phase  Shift  and  Phase  Modulo  2n 

Recall  that  the  first  step  in  obtaining  number  densities  from  the  interferograms  is  to  calcu¬ 
late  the  phase,  9,  of  the  wavefront.  The  phase  will,  in  turn,  yield  the  refractive  index,  which 
can  be  related  to  the  density.  An  interferogram,  l(x,y),  can  be  expressed  as  follows 

l(x, y )  =  a(x,  j){l  +  m(x,  v)cos[6>(x,  v)]} ,  (3.1) 

where  a(x,y)  is  referred  to  as  the  bias  and  the  constant  of  proportionality,  a(x,y)m(x,y),  for 
the  cosine  term  is  referred  to  as  the  modulation. 

One  of  n  phase-shifted  images  satisfies  the  following  equation: 

7„(x,  y)  =  a(x, y){l  +  m(x,  v)cos[6'(x,  y)]+ nW} ,  (3.2) 

where  'P  is  the  phase  shift.  The  phase  shift  is  assumed  to  be  equal  in  each  case. 

Because  of  the  potential  for  phase  shift  inaccuracies  due  both  to  the  open-loop  nature  of 
the  piezo  stage  and  to  the  more  complex  geometry  of  the  Mach-Zehnder  interferometer 
used,  the  size  of  the  phase  shift,  \|/,  was  considered  to  be  unknown  (see  Section  Holo¬ 
graphic  Reconstruction  and  Interferometry).  The  algorithm  used  to  extract  the  phase  from 
the  interferograms  was  therefore  chosen  because  of  its  ability  to  calculate  \|/  empirically 
from  the  four  phase-shifted  images  without  any  a  priori  knowledge  of  the  optical  geome¬ 
try  or  the  performance  of  the  piezo  stage.  The  only  assumption  made  about  \|/  is  that  the 
phase  shifts  are  all  equal. 

Four  images,  each  with  equal  phase  shift,  \|/,  allow  solving  for  the  four  unknowns:  9,  \|/, 
modulation  and  bias.  First,  the  following  equation  calculates  the  phase  shift,  v|/(x,y),  on  a 
pixel  by  pixel  basis  from  the  four  images: 
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'F  =  cos  1 


tii  zhhih  zlA 
til  ~h) 


(3.3) 


While  this  equation  calculates  \|/(x.y)  for  each  pixel,  no  real  significance  is  attached  to  the 
individual  values  both  because  of  the  inherent  noise  in  the  measurement  from  the  finite 
precision  arithmetic  and  because  no  real  variation  is  expected  other  than  the  equal  phase 
shift  in  each  pixel.  Thus,  the  mean  phase  shift,  VF  ,  is  used  as  the  measured  value  of  v|/. 


In  implementing  the  calculation  of  this  equation,  two  pitfalls  must  be  avoided.  First,  it  is 
possible  and,  in  fact,  almost  guaranteed  that  the  denominator  in  Eq.  3.3  will  be  zero  lead¬ 
ing  to  an  illegal  floating  point  operation  and  an  indeterminate  \]/  at  that  pixel.  Second, 
because  of  finite  precision  effects,  it  is  again  very  likely  that  for  some  pixels,  the  operand 
of  the  inverse  cosine  in  Eq.  3.3  will  have  an  absolute  value  greater  than  one.  This  again 
leads  to  an  indeterminate  vy.  The  solution  for  both  of  these  cases  is  to  check  for  values  of 
\|/(x,y)  outside  the  interval  [-1,1]  or  special  values  such  as  ±lnf  and  ±NaN,  and  not  include 
them  in  the  mean. 


Once  \| /  is  calculated,  the  phase,  0,  can  be  calculated  from  the  following: 


,  ,  [(cosT- 1)[(2  cosY-h  l)/,  -(2  cos  ¥  +  2)/,  +/,] 

6{x,  v)  =  tan  1  ]  ;LV= - ^ ^ - ^4.  (3.4) 

[  Vl -cos2  vP[(2cosvF  -  l)/j  -(2cosvF)/2  +/3]  J 

In  implementing  this  equation  one  must  use  an  inverse  tangent  routine  that  accepts  not 
one  argument  but  two  arguments  in  the  form  of  the  numerator  and  denominator  of  the 
operand.  By  checking  the  numerator  prior  to  division,  such  functions  prevent  division  by 
zero  and  allow  proper  calculation  of,  e.g.,  tan^l/O),  which  should  be  n/2. 

The  modulation  can  then  be  calculated  with 


a(x,  y)m(x,  v)  = 


/2-/i 


(cos  'F  -  l)cos  0  -  sin  *F  sin  6 


(3.5) 


The  bias,  which  is  not  currently  used  in  any  subsequent  calculations,  can  be  calculated 
with 


a(x, y)  =  Ix  -  a{x,y)m{x,y) cos 6* .  (3.6) 

Figure  8  below  shows  the  user  interface  for  the  routine  that  was  used  to  calculate  the 
modulo  2tc  phase  from  the  images.  The  user  selects  which  time  frames  to  process  and 
the  routine  locates  the  pertinent  image  files  and  processes  them  with  a  visual  status  dis¬ 
play  showing  the  progress  of  the  calculation. 
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*1  Select  Source  Frames  and  Target  Directory: 


Source  Directory: 

|D:\RUN33 X\ 


Run33  X  0001 

Run33  X  0002 

Run33  X  0003 

Run33  X  0004 

Run33  X  0005 

Run33  X  0006 

Run33  X  0007 

Run33  X  0008 

Run33  X  0009 

Run33  X  0010 

Run33  X  0011 

Run33  X  0012 

Run33  X  0013 

Run33  X  0014 

Run33  X  0015 

Run33  X  0016 

Run33  X  0017 

Run33  X  0018 

Run33  X  0019 

Run33  X  0020 

Target  Directory: 

c: \windows\desktop\ 

•jsjxi 

Browse-  | 

Process-  | 


Browse 


*1 


Figure  8:  User  interface  for  the  calculation  of  the  modulo  2 n  phase. 

A  typical  phase  map  is  shown  below  in  Figure  9  and  plot  of  the  pixel  values  for  row  num¬ 
ber  470  (tenth  from  the  top)  is  shown  in  Figure  10.  Note  the  characteristic  sawtooth  pat¬ 
tern  of  the  carrier  frequency. 


Figure  9:  A  typical  modulo  2 n  phase  map  calculated  from  sheared 
interferograms. 
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Figure  10:  Profile  of  row  470  of  the  modulo  2n  phase  map  in  Figure  9. 

3.3  Phase  Unwrapping 

As  is  always  the  case  in  interferometry,  Eq.  3.4  only  calculates  0  modulo  2n.  The  phase 
must  then  be  unwrapped  to  yield  the  principal  phase.  Figure  11  illustrates  the  basics  of 
phase  unwrapping. 


Figure  11:  Illustration  of  phase  unwrapping. 

Figure  11A  is  the  modulo  2n  phase  map  with  its  characteristic  sawtooth  appearance.  An 
anomalous  region  has  been  deliberately  introduced.  Figure  1 1 B  shows  the  path  taken  in 
unwrapping  this  particular  image.  Whenever  a  jump  is  detected,  the  bias  image  (Figure 
1 1 C)  is  incremented/decremented  by  2n.  When  the  path  has  been  fully  traversed,  the 
bias  image  is  added  to  the  modulo  2n  phase  to  produce  the  principal  phase  (Figure  1 1 D). 

Volumes  have  been  dedicated  to  unwrapping  noisy,  i.e.,  real  world,  phase  maps.  It  is 
non-trivial  to  produce  both  a  robust  and  a  fully  automatic  phase  unwrapping  algorithm. 
The  difficulty  lies  in  the  fact  that  unwrapping  the  phase  is  a  path-dependent  operation.  An 
arbitrary  path  can  be  used,  but  any  error,  such  as  missing  a  phase  jump  or  including 
noise-induced  phase  jump,  will  propagate  through  the  remainder  of  that  branch  of  the 
unwrapping  path  as  in  Figure  11. 
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The  optimum  method  for  eliminating  errors  due  to  residues  is  to  optically  prevent  them  by 
making  the  interferograms  as  noise  and  artifact  free  as  possible.  Digitally,  the  general 
method  for  minimizing  these  phase  unwrapping  errors  is  to  locate  the  regions  of  the 
image  that  will  cause  phase  errors.  Then  a  path  is  chosen  that  will  either  process  these 
areas  as  late  as  possible  or  avoid  them  altogether. 

Regions  at  or  between  “residues”  can  cause  propagating  phase  errors.  The  term  residue 
comes  from  the  mathematical  usage  indicating  a  point  about  which  a  path  integral  does 
not  equal  zero,  as  it  should  in  a  conservative  field.  Figure  12  shows  two  magnified  views 
of  the  residues  in  the  lower  left  corner  of  Figure  9.  In  the  context  of  digital  phase  unwrap¬ 
ping,  a  residue  is  a  point  where  if  a  path  is  followed,  e.g.,  clockwise,  around  it  through  its 
eight  neighbors,  the  number  of  positive  and  negative  phase  discontinuities  are  not  equal. 
The  dotted  paths  in  Figure  12  are  examples.  Each  has  only  one  discontinuity  and  there¬ 
fore  is  a  residue.  Of  course  the  numerical  definition  of  discontinuity  is  subjective  and 
depends  on  the  threshold  used  to  detect  it.  If  the  absolute  value  of  the  change  in  phase 
from  one  pixel  to  its  neighbor  exceeds  the  threshold,  then  the  boundary  between  the  two 
is  considered  a  discontinuity. 


Figure  12:  Magnified  view  of  residue  in  lower  left  region  of  Figure  9. 

Figure  13  shows  the  horizontal  profile  of  the  phase  map  passing  through  the  residue.  The 
residue  is  roughly  at  pixel  200.  The  eye  can  visually  see  that  probably  the  spike  at  the 
residue  is  in  violation  of  the  general  upward  slope  and  probably  should  be  ignored.  It  is,  of 
course,  not  trivial  to  give  the  computer  the  same  intuition.  (Note  that  the  region  from  pixel 
0  to  60  corresponds  to  the  test  model  and  therefore  will  be  masked  out  later  in  the  pro¬ 
cessing.) 
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Figure  13:  Horizontal  profile  of  modulo  2n  phase  passing  through  the 
residue  in  Figure  12. 

Development  of  fully  automated  unwrapping  code  capable  locating  residues  and  choos¬ 
ing  an  optimal  path  around  them  was  beyond  the  scope  of  this  effort.  Instead  the  concen¬ 
tration  was  on  simplicity  of  programming  and  minimal  time  in  a  low  volume  effort. 
Therefore,  a  semi-manual  approach  was  taken.  First  the  phase  is  unwrapped  by  the  com¬ 
puter  in  the  comb-shaped  path  shown  in  Figure  1 1 B  (except  from  right  to  left).  The 
unwrapped  version  of  the  phase  map  in  Figure  9  is  shown  in  Figure  14  below.  Note  the 
artifact  appearing  as  a  streak  that  resulted  from  the  residues  shown  in  Figure  12. 

Then  the  user  corrects  those  residues  that  defy  the  basic  algorithm.  The  manual  user 
interface  used  to  remove  residue  artifacts  is  shown  below  in  Figure  14.  The  full  phase 
map  with  an  optional  mask  is  shown  in  the  large  window.  The  mask  is  used  to  delineate 
object  boundaries  in  the  field. 

The  user  clicks  on  a  pixel  in  the  full  image  and  that  area  is  displayed  with  4X  magnifica¬ 
tion  in  the  small  window  at  the  upper  right.  As  the  cursor  tracks  over  either  window,  the 
pixel  index  and  phase  in  radians  is  displayed.  The  user  clicks  on  the  rightmost  pixel  in 
each  horizontal  line  comprising  the  artifact.  A  left  click  will  automatically  increment  by  2rc 
that  pixel  and  all  pixels  to  its  left  on  the  same  horizontal  line.  Conversely,  right  clicking  will 
decrement  by  2n  the  same  pixels.  Alternatively  the  user  can  drag  either  button  in  a  verti¬ 
cal  or  diagonal  line  to  automatically  repair  multiple  adjacent  horizontal  lines. 
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Figure  14:  User  interface  for  the  phase-unwrapping  routine.  The 
streak  is  a  propagating  error  in  the  unwrapping.  Clicking  in  the 
magnified  view  at  the  upper  right  allows  correction  of  these 
anomalous  regions. 


Figure  15  and  Figure  16  show  profiles  of  rows  without  and  with  a  residue,  respectively. 
The  overall  linear  slope  of  both  is  due  to  the  carrier  frequency  introduced  in  the  interfero- 
gram.  Note  that  in  Figure  16,  the  discontinuity  is  of  magnitude  2n  radians. 


Figure  15:  Horizontal  profile  of  unwrapped  phase  at  row  470,  which 
has  no  residues.  The  linear  slope  comes  from  the  carrier  frequency. 
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Figure  16:  Horizontal  profile  of  the  unwrapped  phase  at  the  residue. 

Note  that  the  slopes  before  and  after  the  residue  are  the  same  but 
their  intercepts  differ  by  2n. 

3.4  Subtraction  of  Linear  and  No-Flow  Phase 

Before  the  density  calculations  can  occur,  the  linear  phase  of  the  carrier  frequency  must 
be  removed  and  the  reference  beam  should  be  subtracted.  In  order  to  implement  a  sim¬ 
ple  and  effective  method,  it  was  assumed  that  the  phase  in  the  free  stream  was  on  aver¬ 
age  flat  with  no  linear  phase.  Thus,  two  profiles  are  extracted  from  the  free  stream  of  the 
images,  one  horizontal  and  one  vertical.  Least  squares  fits  are  made  with  the  profiles  giv¬ 
ing  slopes  in  the  x  and  y  axes.  These  slopes  are  then  used  to  create  a  plane  that  is  sub¬ 
tracted  from  the  phase  to  eliminate  the  carrier.  Figure  17  show  a  phase  map  with  the 
carrier  subtracted. 
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There  is  generally  a  constant  value  remaining,  i.e.,  the  mean  of  the  image  is  nonzero. 
This  constant  offset  is  corrected  later  in  the  processing. 

The  final  step  in  calculating  the  phase  of  the  interferogram  is  to  subtract  the  phase  map  of 
the  first  interferogram,  which  was  recorded  prior  to  the  arrival  of  the  shock  front.  This 
helps  remove  phase  artifacts  introduced  by  the  optics  of  the  recording  system  and  the 
windows  of  the  tube.  Figure  18  shows  the  no-flow  phase  map  corresponding  to  Figure  17 
and  Figure  19  shows  the  results  of  the  subtraction. 


Figure  18:  No-flow  image  phase  map. 


Figure  19:  Phase  from  Figure  17  with  reference  phase  subtracted. 
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3.5  Density  Calculations 

With  the  phase  of  the  wavefront  now  known,  further  calculations  yield  information  about  the 
gas  densities.  The  fringe  number,  N,  is  easily  obtained  from  the  phase  data,  9,  with  Eq.  3.7 

N  =  0(x,y)  (37) 

In 

In  this  case  reconstruction  is  done  in  the  red  at  \  =  632.8  nm  so  the  path  length  differ¬ 
ence,  AO(x,y),  is 


AO  =  NXr  (3.8) 

The  path  length  difference,  in  turn,  is  related  to  the  refractive  index  by 

AO(x,  y)  =  |  \n(x,  y,z)  —  n0  \lz  =  J  [A/;(x,  y,  z)]dz  ,  (3.9) 

where  n(x,y,z)  is  the  refractive  index  at  a  point  in  the  flow,  n0  is  the  free  stream  refractive 
index  in  the  flow,  and  An(x,y,z)  is  the  change  in  refractive  index  at  a  point  in  the  flow  mea¬ 
sured  relative  to  n0.  As  with  all  interferometric  measurements,  the  direct  measurements 
are  of  differential  refractive  index,  An(x,y,z).  Absolute  measurements  require  the  knowl¬ 
edge  that  n(x,y,z)  at  a  particular  point,  {xp,yp,zp},  is  equal  to  n0.  Then  the  absolute  refrac¬ 
tive  index  can  be  found  as 

n(x, y,z)=  A n(x, y, z)  +  [n0  - n(xp , yp ,zp) J ,  (3.10) 

Typically,  {xp,yp,zp}  is  a  free  stream  point. 

If  the  flow  is  two-dimensional,  i.e.,  the  refractive  index  is  not  a  function  of  z,  the  direction 
parallel  to  the  object  beam,  then 

J  [A/z(x, y)]dz  =  A n(x,  v)J  dz  =  A n(x, y)z =  A n(x, y)L  ,  (3.11) 

where  L  is  the  interaction  length  through  the  tube  from  window  to  window  which  in  this 
case  is  1205  mm.  Thus,  An(x,y)  and  n(x,y)  are,  respectively, 

A n(x,y)=  A0^,  V  '>  and  n(x, y)  =  .  (3.12)  and  (3.13) 

L  L 

With  a  radially  symmetric  phase  object  such  as  the  flow  in  Runs  33  and  35,  the  refractive 
index  does  depend  on  z.  Therefore,  Eqs.  3.12  and  3.13  must  be  interpreted  as  giving  the 
mean  refractive  index  in  the  z  direction  as  a  function  of  x  and  y.  Notice  that  rearranging  Eq. 
3.11  slightly  and  making  An  a  function  of  z  also  gives  a  form  of  the  mean-value  theorem 
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A n(x,y)  = 


|  [A  n(x,y,z)]dz 
L 


(3.14) 


where  a n(x,  v)  's  the  mean  refractive  index  which  is  a  function  of  x  and  y  only.  This  is  the 
2D  mean  refractive  index  calculation  used  in  this  project  to  calculate  2D  density  values. 


While  outside  the  scope  of  this  contract,  the  knowledge  that  a  flow  is  radially  symmetric 
(about  an  axis  perpendicular  to  z)  makes  it  possible  to  invert  the  2D  path  length,  AO(x,y), 
to  calculate  the  3D  refractive  index,  An(x,y,z)  using  a  numerical  inverse  Abel  transform. 


From  the  refractive  index,  gas  density  is  derived  using  the  Gladstone-Dale  equation 


n(x,y,z)-\  =  Kp(x,y,z)  (3.15) 

where  p  is  the  gas  density  and  K  is  the  Gladstone-Dale  constant,  which  for  a  particular 
gas  is  relatively  insensitive  to  temperature  and  pressure  variations  and  is  a  weak  function 
of  wavelength.  Differential  density  can  also  be  found 


An(x,y,z)  =  KAp(x,y,z)  (3.16) 

For  a  mixture  of  gases,  the  Gladstone-Dale  constant  is  a  weighted  average  of  the  con¬ 
stants  of  the  constituents 


K  =  YjaiKi  (3.17) 

i 

where  Kj  is  the  Gladstone-Dale  constant  for  ith  constituent  species  with  mass  fraction  aj. 
Table  1  below  shows  the  constituent  species,  Gladstone-Dale  constants  and  mass  frac¬ 
tions  for  Runs  33  and  35. 


Table  1:  Free  stream  composition  of  Runs  33  and  35 


Species 

K  (m3/kg) 

a,,  Run  33 

an  Run  35 

n2 

0.240  x  10‘3t 

0.733 

0.735 

02 

0.191  x  10"3f 

0.183 

0.169 

N 

0.305  x  10"3f 

3.03  x  10’11 

7.13  x  10’11 

0 

0.182  x  lO’3* 

0.0151 

0.0304 

NO 

N/A 

.0695 

.0654 

NO+ 

N/A 

5.02  x  10'8 

8.97  x  10'8 

■■  514.5  nm  (argon)  : 

t  694.3  nm  (ruby) 

Unfortunately,  at  the  time  of  this  report  and  processing,  Gladstone-Dale  constants  for  NO 
and  NO+  could  not  be  located.  Thus,  the  most  valid  assumption  was  to  exclude  those 
species  and  use  the  following  formula: 
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K  = 


(3.18) 


which  essentially  re-normalizes  the  sum  of  the  mass  fractions  to  unity.  Note  also  that  the 
Gladstone-Dale  constants  for  N  and  O  were  measured  at  694.3  nm.  While  this  does  intro¬ 
duce  some  error,  it  is  less  than  the  error  introduced  by  not  including  NO.  In  fact,  using 
three  significant  digits,  the  atomic  nitrogen  did  not  contribute  to  the  calculated  value  with 
such  a  low  concentration.  The  atomic  oxygen  did  have  a  contribution  in  the  least  signifi¬ 
cant  digit  but  the  variation  of  K  with  wavelength  over  the  range  of  500-700  nm  is  generally 
in  the  third  significant  digit  (0.002  x  10'3  for  air  from  509.7-703.4  nm.)  The  wavelength 
shift  for  O  would  only  have  affected  the  fifth  or  sixth  significant  digit  of  the  aggregrate  K. 

Using  Table  1  and  Eq.  3.18,  Gladstone-Dale  constants  of  0.2294  x  10'3  and  0.2293  x  10'3, 
respectively.  By  comparison,  the  Gladstone-Dale  constant  of  air  at  509.7  nm  is 
0.2274  x  10'3.  With  only  three  significant  digits  the  identical  value  of  0.229  x  10'3  was 
used  for  both  runs. 

Taking  Eqs.  3.7-3.17  and  the  calculated  Gladstone-Dale  constant  we  have  for  the  differ¬ 
ential  density  and  the  absolute  density 

A A*,y)=°^  (3.19) 

InL 

and 


p{x,y)  =  /±p{x,y)+[p()  -  A p(xp,yp  )j  (3.20) 

where  p(x,y)  and  Ap(x,y)  denote  average  density  and  differential  density  parallel  to  the  z 
axis  and  where  {xp,yp}  is  a  particular  path  in  z  where  the  average  density  is  known.  Eq. 
3.19  was  used  to  calculate  the  differential  densities  for  Runs  33  and  35  in  the  deliverables. 

3. 6  Shear  Removal  (Shearing  Interferometry  Only) 

This  step  in  the  processing  is  used  in  shearing  interferometry  only  and  then  only  if  it  is 
necessary  to  calculate  the  density  from  the  density  gradient. 

Prior  to  removing  the  shear  from  the  sheared  density  maps,  it  was  necessary  to  divide  by 
the  shear  distance  to  get  a  density  gradient  in  kg/m4.  The  shear  distances  for  each  run 
and  shear  direction  are  given  in  Table  2  in  both  pixels  and  meters  (in  object  space). 
Unfortunately,  without  a  good  distance  calibration  in  the  image,  it  was  necessary  to  esti¬ 
mate  the  magnification  of  the  images  as  (256  mm/640  pixels  =  )  0.4  mm/pixel. 
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Table  2:  Shear  distances 


Shear  Direction 

Run  33 

Run  35 

x  shear 

2  mm 

5  pixels 

3.6  mm 

9  pixels 

y  shear 

2.4  mm 

6  pixels 

3.2  mm 

8  pixels 

When  shearing  interferometry  is  used,  the  phase-shifted  interferograms  measure  the 
phase  difference  between  the  original  wavefront  and  a  slightly  translated  copy  of  itself.  In 
the  limit  of  small  translations,  this  phase  difference  amounts  to  a  finite-difference  approxi¬ 
mation  of  the  partial  derivative  with  respect  to  an  axis  parallel  to  the  shear.  When  using 
interferograms  sheared  by  an  arbitrary  amount  {ax,ay},  phase  calculation  and  unwrapping 
from  the  interferograms  is  identical  to  conventional  interferometry.  However,  the  phase 
that  is  calculated  is  no  longer  equal  to  9(x,y).  As  mentioned,  the  phase  is 

A 6{x,  y)  =  6(x,y)~  0{x  +  rrx ,  y  +  a y )  (3.21) 

where  ax  and  ay  are  the  shear  distances  for  the  x  and  y  axes,  respectively.  In  calculations 
described  subsequently,  ax  and  ay  will  be  measure  in  units  of  pixels. 

In  conventional  interferometry,  the  processing  documented  in  previous  sections  results  in 
a  map  of  density  relative  to  some  unknown  constant  value  which  may  be  know  via  some 
other  measurement.  With  sheared  interferograms,  the  same  processing  results  in  a  map 
of  the  differential  density  with  respect  to  the  density  {ax,ay}  units  away.  There  is  no 
unknown  constant  in  this  finite  difference,  however,  when  the  sheared  density  is  inte¬ 
grated  or  inverted  to  give  the  absolute  density,  the  unknown  constant  will  again  arise. 

Two  techniques  for  inverting  the  sheared  density  maps  were  investigated:  direct  integra¬ 
tion  and  a  convolution  method.  The  term  invert  is  used  in  this  process  because  of  the 
close  relation  to  the  mathematical  process  of  inverting  a  gradient  or  vector  field  to  give 
the  potential  function.  Because  both  processes  are  linear,  they  can  be  performed  either 
before  or  after  the  conversion  of  phase  to  density  as  described  in  Section  3.5.  For  this 
contract,  density  was  calculated  first  in  the  sheared  interferograms  to  give  a  map  of  the 
partial  derivative  of  the  density.  The  inversion  of  the  shear  was  performed  afterward. 

As  with  the  unwrapping  of  the  modulo  2tc  phase,  the  major  obstacle  in  trying  to  back  out 
the  shear  is  that  the  operation  is  path  dependent.  Therefore,  errors  will  propagate  through 
subsequent  segments  of  the  chosen  path.  This  effect  is  immediately  apparent  in  Figure 
20,  which  shows  the  results  of  such  a  direct  integration. 
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Figure  20:  Results  of  direct  integration  of  the  sheared  phase.  Note 
the  streaks  propagating  from  right  to  left. 

Unlike  phase  unwrapping,  where  the  errors  were  always  multiples  of  2rc,  a  simple  manual 
solution  is  not  possible.  Thus,  with  the  assumption  of  a  noise-free  sheared  density  map 
approximating  the  partial  derivative,  direct  integration  would  provide  a  simple,  effective 
means  of  removing  the  shear. 

The  convolution  technique  is  based  on  an  assumed  linear  impulse  response  representing 
the  shearing  process.  The  discrete  impulse  response  should  be  1  at  {0,0}  and  -1  at 
{ax,cjy}  as  shown  in  Figure  21.  With  the  impulse  response  zero  elsewhere,  one  sees  that 
the  convolution  of  the  original  wavefront  with  this  kernel  results  in  that  wavefront  minus 
itself  shifted  by  {ax,ay},  i.e.,  the  sheared  wavefront. 
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Figure  21:  Impulse  response  of  the  shearing  interferometer.  In  this 
example  the  shear,  a,  is  {2,3}  pixels. 

From  the  impulse  response,  it  is  possible  to  find  the  impulse  response  of  the  inverse  sys¬ 
tem  that  would  accept  the  sheared  phase  as  input  and  then  output  the  phase  of  the  origi¬ 
nal  wavefront.  This  is  accomplished  most  simply  by  transforming  to  the  frequency  domain 
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with  the  FFT  where  convolution  is  performed  by  multiplication  and  the  inverse  of  a  system 
is  found  by  taking  the  reciprocal  of  its  system  response.  Figure  22  shows  the  FFT  of  the 
system  response  for  a  system  with  a  shear  of  {5,0}  pixels.  Note  that  the  shear  must  be 
expressed  in  units  of  pixels. 


Figure  22:  Left:  Impulse  response  in  the  frequency  domain.  Right: 
Impulse  response  of  the  inverse  system  in  the  frequency  domain.  (A 
ID  plot  of  one  line  of  the  FFT  is  shown  because  the  2D  FFT  is 
independent  of  frequency  in  the  y  axis.) 

Figure  22  also  shows  the  reciprocal  of  this  system.  The  key  feature  of  these  inverse  sys¬ 
tems,  which  arises  from  the  existence  of  zero  value  at  multiples  of  the  shear  fundamental 
frequency,  is  the  appearance  of  indeterminate  locations  where  the  value  approaches 
infinity.  These  indeterminate  locations  result  from  division  by  zero  in  the  reciprocal. 

More  intuitively,  they  exist  because  a  sinusoid  whose  frequency  is  a  multiple  of  the  shear 
fundamental  frequency  (which  in  Figure  22  is  640/5  =  128  cycles)  will  exactly  cancel  itself 
in  the  interferometric  subtraction  and  therefore  not  contribute  to  the  sheared  interfero- 
gram.  Hence  the  zero  values  in  the  impulse  response.  Therefore,  those  spatial  frequen¬ 
cies  are  meaningless  and  the  reciprocal  indicates  this  having  indeterminate  values  at 
those  frequencies. 

Ideally,  with  the  inverse  frequency  response,  calculation  of  9(x,y)  follows 

0{x,  y )  =  FFT1  |a0(x,  v)^|  (3.22) 

where  FFT'1  denotes  the  inverse  discrete  Fourier  transform  and  h  is  the  impulse 
response. 

As  shown  in  Figure  22,  the  frequency  response  repeats  itself  over  intervals  of  the  shear 
fundamental  frequency.  This  is  again  related  to  the  inherent  aliasing  that  results  from  the 
interferometric  subtraction.  This  response  must  be  bandlimited  at  that  frequency  to  pre¬ 
vent  aliasing  during  the  convolution.  The  bandlimited  frequency  response  of  the  inverse 
system,  1/h,  is  shown  in  Figure  23. 
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Figure  23:  Bandlimited  frequency  response  of  the  inverse  shearing 
system. 

The  results  of  applying  Eq.  3.22  to  the  sheared  phase  of  Figure  19  are  shown  in  Figure 
24. 


Figure  24:  Results  of  using  the  frequency  domain  convolution  with 
the  inverse  of  the  shearing  interferometer  response. 

While  this  convolution-based  method  appears  to  be  at  least  somewhat  more  resistant  to 
noise  in  the  phase,  one  of  the  limitations  of  the  technique  comes  from  the  finite  resolution 
of  the  Fourier  transform.  As  Figure  25  shows,  the  singularity  at  co  =  0  cannot  be  properly 
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represented.  The  result  is  that  the  subharmonic  frequencies  of  the  images  are  not  recon¬ 
structed  properly  and  very  low  (less  than  one  cycle  across  the  image)  frequency  errors 
can  occur  across  the  image.  One  potential  fix  for  this  would  be  to  pad  the  sheared  phase 
map  with  zeroes,  e.g.,  to  create  a  2048  x  2048  image.  The  resolution  of  the  FFT  would 
then  be  3-4  times  higher.  Then  the  misrepresented  frequencies  would  be  3-4  times  lower 
and  they  would  approximate  a  linear  error.  The  linear  error  could  then  be  removed  just  as 
the  carrier  frequency  linear  phase  was  removed  in  Section  3.4. 


Figure  25:  Magnified  view  of  the  low  frequencies  of  the  FFT  of  the 
inverse  response. 

3. 7  Output 

With  the  gas  density  and/or  gas  density  gradient  information  calculated  in  the  form  of 
arrays  of  640  x  480  floating  point  values,  the  data  has  been  output  to  files  for  visualization 
and  archival  purposes. 

To  allow  further  processing  later,  possibly  with  Microsoft  Excel,  one  output  format  is  tabu¬ 
lated  text.  Each  image  is  contained  in  a  text  file  consisting  of  640  tab-delineated  columns 
and  480  rows.  The  first  row  in  the  text  file  is  the  top  row  in  the  image,  i.e.,  the  top  to  bot¬ 
tom  order  is  reversed  compared  to  many  image  formats  where  the  first  row  of  data  in  the 
image  file  is  the  bottom  row  of  the  image.  Each  value  is  ASCII  text  in  the  form  of  a  float¬ 
ing-point  mantissa  with  optional  exponent  of  the  form  [E±#]. 

The  second  format  for  the  output  data  is  24-bit  Windows  bitmap  format.  Both  grayscale 
and  color  images  are  included.  The  images  are  scaled  linearly  between  a  maximum  and 
minimum  value  noted  in  the  readme  file  with  each  CD.  In  both  the  black  &  white  and  color 
images,  a  black  pixel  is  less  than  or  equal  to  the  minimum  and  a  white  pixel  is  greater 
than  or  equal  to  the  maximum. 
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The  file  “colormap.bmp”  is  included  with  the  data  on  CD.  It  shows  the  color  table  used  to 
produce  the  color  bitmap  images. 

3.8  Fourier  Processing 

Fourier  processing  as  a  method  for  modulo  2rc  phase  extraction  was  also  investigated 
briefly  as  an  alternative  to  the  phase-shifting  technique  outlined  in  Section  3.1.  Fourier 
processing,  unlike  phase  shifting,  requires  a  high  carrier  frequency  in  the  fringes.  This  is 
sometimes  referred  to  as  fringe  injection.  This  is  a  special  case  of  finite  fringe  interfero- 
grams.  An  example  interferogram  is  shown  in  Figure  26. 
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Figure  26:  Example  of  an  interferogram  for  Fourier  processing.  This 
particular  interferogram  has  a  very  large  shear  to  increase 
sensitivity. 

The  main  advantage  of  this  technique  is  that  only  a  single  interferogram  is  necessary  for 
unambiguous  phase  measurements.  This  is  because  the  carrier  frequency,  which  is  a  lin¬ 
ear  phase  term  added  to  the  phase  of  interest,  is  made  high  enough  that  the  slope  of  the 
phase  never  changes  sign. 

Figure  27  shows  the  process  for  extracting  the  modulo  2 n  phase  from  such  an  interfero¬ 
gram.  The  central  lobe  of  the  FFT  represents  the  amplitude  data,  i.e.,  the  image  of  the 
test  model.  The  two  side  lobes  correspond  to  the  carrier  frequency  modulated  by  the 
phase  of  the  wavefront.  The  phase  is  recovered  by  shifting  the  FFT  to  remove  the  carrier 
and  cropping  out  the  amplitude  data.  The  inverse  FFT  then  yields  a  complex  representa¬ 
tion  of  the  wavefront  from  which  the  phase  is  calculated  using: 
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Im{ln  if/} 


(3.23) 


where  \| /  represent  the  wavefront  calculated  from  the  FFT.  (The  wavefront,  \| /,  should  not 
be  confused  with  ¥,  the  phase  shift  in  phase-shifting  interferometry.) 


The  result  of  applying  Eq.  3.23  to  Figure  26  is  shown  in  Figure  28.  Note  that  the  phase 
map  has  not  been  unwrapped. 


*» 


*■  ♦  ♦ 


2D  FFT 


Shift  to  Carrier 


Cropped 


Figure  27:  Processing  used  to  extract  phase  from  an  interferogram 
using  the  2D  FFT.  Note  that  the  brightness  in  the  cropped  FFT  is 
higher  so  it  appears  larger. 


Figure  28:  Modulo  2rc  phase  calculated  from  the  interferogram  in 
Figure  26. 

Two  limitations  must  be  considered  in  comparing  Fourier  processing  with  phase  shifting. 
First,  the  spatial  frequencies  in  the  phase  field  being  measured  will  be  bandlimited  by  the 
carrier  frequency.  Otherwise,  it  will  not  be  possible  to  crop  out  the  amplitude  data  from 
the  FFT  without  affecting  the  phase  data  modulating  the  carrier.  Second,  the  phase  sen¬ 
sitivity  is  decreased  because  the  carrier  frequency  occupies  a  significant  portion  of  the 
dynamic  range  leaving  less  for  the  signal  of  interest.  Thus,  if  both  of  these  limitations  are 
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acceptable,  Fourier  processing  could  potentially  be  a  much  simpler  method  for  digitization 
and  phase  extraction  from  the  holograms. 

4  Results 

For  each  run,  both  conventional  and  shearing  interferometry  were  performed  for  each 
time  frame.  The  shearing  interferometry  was  applied  with  both  x  axis  and  y  axis  shears, 
giving  approximations  of  the  x  and  y  components  of  the  density  gradient.  In  addition, 
every  sheared  interferogram  was  integrated/inverted  to  give  the  density. 

4. 1  Conventional  Interferometry 

Figure  29  and  Figure  30  show  four  time  frames  for  Run  33  and  35,  respectively.  The  num¬ 
bering  in  the  figures  indicates  from  which  time  frame  the  images  are  taken.  Frame  #1  is 
the  no-flow  image  and,  therefore,  is  not  a  density  map  but  a  phase  map  of  the  optical  sys¬ 
tem.  This  frame  is  subtracted  in  the  phase  post-processing  detailed  in  Section  3.4.  The 
remaining  phase  maps  are  density  maps.  Frame  #2  shows  the  arrival  of  the  shock  front. 
Frame  #6  shows  the  density  at  (6/8  kHz  =  )  750  ps  and  Frame  #45  shows  the  density  at 
(45/8  kHz  =  )  5.6  ms. 


6  45 


Figure  29:  Conventional  -  Run  33 
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Figure  30:  Conventional  -  Run  35 

A  few  interesting  aspects  of  these  images  are  apparent: 

The  phase  map  of  the  no-flow  shows  that  the  system  optics  were  somewhat  less  than 
ideal.  The  primary  defect  is  the  low-horizontal-frequency  fringes  across  the  image.  It  has 
been  verified  that  the  defects  were  not  present  in  the  playback  system  but  were  recorded 
in  the  holograms.  The  most  probable  culprits  therefore  are  the  windows  through  which 
the  object  beam  illuminated  the  flow. 

The  shock  front  in  Frame  #2  shows  the  opposite  of  the  expected  behavior,  i.e.,  the  den¬ 
sity  to  the  left  of  the  shock  is  higher.  It  is  believed  that  this  is  because  in  this  case  the 
refractive  index  gradient  is  so  high  at  the  shock  that  aliasing  occurs.  The  resolution  of  the 
digitized  images  is  insufficient  to  properly  sample  the  fringes  in  the  area  of  the  shock. 
This  is  a  standard  issue  with  interferometry,  which  has  high  sensitivity. 

Frames  #6  and  #45  highlight  two  related  points.  Subtraction  of  the  no-flow  did  not  com¬ 
pletely  remove  the  defects  from  the  system  optics.  In  addition,  a  misalignment  of  the  den¬ 
sity  map  in  Frame  #45  compared  to  the  other  can  be  seen.  (The  mask  is  in  an  identical 
location  in  all  four  images.)  This  misalignment  is  probably  due  to  difficulty  in  exactly  align¬ 
ing  the  processed  film  on  the  transport  during  playback.  More  specifically,  it  is  related  to 
runout  from  too  much  clearance  between  the  center  hole  of  the  film  disk  and  the  spindle 
on  which  it  is  mounted. 

4.2  Shearing  Interferometry 

Figure  31  through  Figure  34  show  the  density  gradient  maps  from  shearing  interferometry 
for  both  runs  with  shear  in  both  the  x  and  y  axes. 
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Figure  31 :  Shearing  -  Run  33,  x  component  of  density  gradient. 


6  45 


Figure  32:  Shearing  -  Run  33,  y  component  of  density  gradient. 

The  x  and  y  axes  start  at  the  lower  left  corner  of  the  images.  Therefore,  a  negative  (black) 
gradient  in  the  x-sheared  images  indicates  a  decrease  from  left  to  right. 
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Figure  33:  Shearing  -  Run  35,  x  component  of  density  gradient. 
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6  45 

Figure  34:  Shearing  -  Run  35,  y  component  of  density  gradient. 

Note  that  in  some  of  the  images,  e.g.,  Figure  34,  Frame  #6,  the  carrier  frequency  was  not 
properly  removed.  Because  that  part  of  the  processing  was  carried  out  automatically  for 
all  time  frames,  the  most  likely  explanation  is  that  the  noise  in  the  right  corner  gave  a  poor 
least-squares  fit  for  the  y  axis. 

Figure  33,  Frames  #2  and  #6,  further  illustrates  the  previously  mentioned  issue  of  sensi¬ 
tivity  and  dynamic  range.  Aliasing  has  occurred  in  these  two  frames  at  the  tip  of  the  model 
where  the  density  gradient  is  particularly  high.  The  gradient  at  the  bow  shock  should  be 
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negative  (density  increases  from  right  to  left).  In  these  two  frames  the  gradient  was  so 
high  that  from  one  pixel  to  the  next  the  phase  jumped  by  more  than  the  threshold  for  a 
modulo  2n  discontinuity.  Thus,  during  unwrapping,  the  software  mistook  the  high  gradient 
for  a  phase  discontinuity  and  tried  to  unwrap  it  when  it  should  not  have  done  so. 

Sensitivity  in  interferometry  is  primarily  related  to  the  species  being  measured,  the  inter¬ 
action  length,  and  the  wavelength  of  light  used.  Dynamic  range  is  determined  by  the  res¬ 
olution  of  the  imaging  system  and  is  somewhat  analogous  to  slew  rate  in  an  electronic 
amplifier.  If  the  gradient  of  the  measured  field  is  too  high,  the  fringe  density  will  be  beyond 
the  resolution  of  the  system  and  aliasing  will  occur.  This  sort  of  behavior  is  typical  with 
interferometry. 

In  conventional  interferometry  this  would  be  overcome  by  magnifying  the  problem  area 
until  the  fringes  are  resolvable,  essentially  increasing  the  sampling  frequency  in  the 
region.  Shearing  interferometry  offers  an  alternative  method  whereby  the  interferometer 
is  desensitized  by  reducing  the  shearing  distance.  As  the  shearing  distance  approaches 
zero  so  does  the  phase.  Thus,  a  large  gradient  at  a  boundary  layer  can  be  measured  by 
desensitizing  the  interferometer.  Unfortunately,  in  the  testing  performed  under  this  con¬ 
tract,  this  issue  did  not  become  apparent  until  the  interferograms  were  processed  and 
time  restrictions  did  not  permit  re-digitizing  the  interferograms. 

4.3  Inverted  Shearing  Interferometry 

Figure  35  through  Figure  38  show  the  results  of  inverting  the  sheared  density  gradient 
maps  of  Figure  31  through  Figure  34  using  the  convolution  method  discussed  in  Section 
Shear  Removal  (Shearing  Interferometry  Only). 
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Figure  35:  Shearing  -  Run  33,  Density  calculated  from  x  axis  shear. 
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Figure  36:  Shearing  -  Run  33,  Density  calculated  from  y  axis  shear. 
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Figure  37:  Shearing  -  Run  35,  Density  calculated  from  x  axis  shear. 
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Figure  38:  Shearing  -  Run  35,  Density  calculated  from  y  axis  shear. 

Figure  37,  Frame  #2,  is  a  good  illustration  of  the  effects  of  limited  resolution  in  the  FFT. 
The  entire  image  has  a  significant  component  at  a  frequency  of  1/2  cycle  resulting  in  the 
obvious  inverted  "U"  shape  profile  in  the  x  axis.  Figure  38,  Frame  #6,  also  illustrates  the 
effects  of  limited  resolution  in  the  FFT  but  in  this  case  the  effect  is  seen  in  the  y  axis 
because  of  the  y  axis  shear. 

The  calculated  values  in  the  shear-removed  density  maps  are  quantitatively  incorrect  in 
that  the  density  values  are  nonsensical.  There  appears  to  be  some  unknown  factor  in  the 
calculation  that  is  causing  the  values  to  be  unusually  large.  The  errors  are  introduced  by 
the  Fourier  convolution.  Further  investigation  is  necessary  to  pinpoint  the  cause  and 
incorporate  a  solution. 

5  Conclusions 

The  work  performed  under  this  contract  has  accomplished  several  important  goals.  The 
ability  to  extract  density  data  from  holograms  recorded  by  NDL's  holographic  recorder 
has  been  proven  and  the  versatility  of  the  hologram  in  performing  multiple  interferometric 
analyses  from  a  single  test  run  has  been  demonstrated.  From  each  hologram/time-frame, 
12  interferograms  were  digitized  with  complete  freedom  in  choosing  fringe  frequencies 
and  shear  distances.  This  is  clearly  beyond  the  ability  of  a  CCD  camera.  Because  one 
camera  is  needed  for  each  image,  four  CCD's  would  be  needed  just  to  record  a  single 
series  phase  shifted  interferogram  for  one  time  frame  of  a  high-speed  event.  Further¬ 
more,  to  achieve  8  khlz  with  a  CCD,  camera  makers  must  typically  limit  resolution  to 
about  256  in  one  axis.  Thus,  holographic  recorder  compares  favorably  with  a  CCD  cam¬ 
era  for  performing  interferometric  measurements. 
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In  addition  to  proving  the  versatility  of  the  holographic  recorder,  this  work  has  provided  a 
valuable  comparison  between  the  capabilities  of  conventional  and  shearing  interferome¬ 
try.  Optically,  shearing  interferometry  is  simpler,  not  requiring  the  copying  of  the  no-flow 
hologram.  It  is  also  more  resistant  to  vibrations  and  to  hologram  alignment.  Another  sig¬ 
nificant  advantage  of  shearing  interferometry  is  the  ability  to  desensitize  to  allow  un¬ 
aliased  measurement  of  the  density  gradient  near  a  boundary  layer. 

On  the  other  hand,  unless  noise  in  the  interferograms  can  be  significantly  reduced  the 
ability  to  invert  the  shear  and  produce  density  maps  from  the  density  gradients  is  limited. 

Conventional  interferometry,  while  requiring  a  copy  of  the  no-flow  be  made,  was  found  to 
be  easier  and  more  effective  than  expected.  The  primary  difficulty  lies  in  alignment  of  the 
holograms  with  the  no-flow  and  is  related  to  the  runout  in  the  film  disk. 

Thus,  conventional  interferometry  appears  to  be  better  suited  to  density  measurements 
away  from  the  boundary  layers  and  shearing  interferometry  provides  a  means  for  mea¬ 
suring  behavior  in  high  gradient  regions.  The  ability  of  this  interferometric  post-processing 
to  perform  both  on  a  single  hologram  raises  the  possibility  of  combining  the  data  from 
each.  The  data  from  the  shearing  interferometry  could  be  used  to  fill  gaps  in  the  conven¬ 
tional  interferometry  at  boundary  layers. 

From  the  experience  gained  in  the  undertaking  of  this  contract,  several  recommended 
goals  and  areas  for  improvement  can  be  suggested: 

•  Improve  system  optics/noise  reduction 

•  Improve  disk  alignment  techniques 

•  Improve  dynamic  range  of  holograms/digitization 

•  Integrate  closed  loop  piezoelectric  phase-shifting  stage 

•  Reinvestigate  Michelson  interferometer 

•  Automate  unwrapping  technique 
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APPENDIX  4 

CONVERTING  CORDIN  CAMERA  FILM  TO  .AVI  DIGITAL  MOVIES 


233 


AEDC-TR-01  -5 


1.  Remove  film  from  camera  and  process.  Avoid  fingerprints,  scratches,  and  lint.  Warning!  Trimming 
film  ends  or  use  of  drier  hanging  clamps  can  result  in  loss  of  or  damage  to  the  head/tail  frames. 

2.  Locate  first  and  last  frames.  Write  frame  numbers  on  film  edge,  (every  10th  frame) 

3.  Cut  film  (between  frames)  into  5-  to  8-inch  lengths,  depending  on  scanner  capacity. 

4.  Make  positive  contact  print  of  strips  (optional),  (arrange  strips  in  order  and  -parallel  to  paper  edge) 

5.  Scan  film  OR  contact  print  on  flatbed  scanner,  (adapter  required  for  transparencies 

-  place  image  material  flat  against  glass  and  -parallel  to  side/end  of  scanner  bed 

-  scan  strips  individually  at  high  resolution  (800  dpi  or  higher  depending  on  memory  available) 

-  maintain  identical  resolution  and  brightness/contrast  settings  for  all  strips 

-  create  a  work  directory,  e.g.,  C:\AVI\R260 

-  save  raw  images  as  256  grayscale  (black  and  white  photo)  e.g.,  r460sl.bmp,  r460s2.bmp,  etc. 

6.  Process  raw  filmstrip  images,  (software:  Paint  Shop  Pro  Version  5.00,  ©  JASC  Software) 

-  re-orient  raw  filmstrip  image  as  required  (90  deg.  rotate,  mirror,  flip,  etc.) 

-  select  frame  reference  feature(s)  (x-  and  y-refs  may  be  different  but  must  be  visible  in  ALL  frames) 

-  calculate  angular  deviation  of  strip  from  horizontal  (use  extreme  left  and  right  frame  x-  and  y-refs) 

-  rotate  strip  as  required  to  horizontal  (Paint  Shop  Pro  provides  0.01  degree  precision) 

-  adjust  brightness/contrast,  sharpen,  enhance  as  desired  (use  identical  values  for  ALL  strips) 

-  select  dimension  of  “final  cropped  frame”  (x  *  y  pixels)  and  record  on  data  table,  e.g.,  r460.txt 

-  determine  offset  from  x-  and  y-refs  to  cropped  frame  upper  left  corner  and  record  on  data  table 

-  trim  filmstrip  image  (optional),  (remove  excess  borders,  sprocket  holes,  etc.  to  reduce  file  size) 

-  save  rotated  filmstrip  images  in  work  directory,  e.g.,  r460slr.bmp,  r460s2r.bmp,  etc. 

-  repeat  step  6  for  each  raw  filmstrip  image 

7.  Register  individual  frames,  (software:  Paint  Shop  Pro  Version  5.00,  ©  JASC  Software) 

-  locate  x-  and  y-refs  for  every  frame  in  each  rotated  filmstrip  image 

-  record  x-  and  y-refs  and  rotated  filmstrip  image  filename  (omit  .bmp  extension)  on  data  table 

-  record  cropped  frame  image  destination  filenames  on  data  table,  e.g.,  fOOl,  f[)02,  etc.  (omit  .bmp) 

-  repeat  step  7  for  each  rotated  filmstrip  image 

8.  Crop  and  save  individual  frames,  (software:  AEDC-generated  Fortran  program,  W.  Ruyten) 

-  in  the  work  directory,  execute  the  frame  cropping  program  (reads  data  table,  e.g.,  r460.txt ) 

-  cropped  frame  images  will  be  saved  in  work  directory  as  *.bmp  files,  e.g.,  f001.bmp,  f002.bmp,  etc. 

9.  Create  and  save  "title  frame”. 

-  re-open  first  cropped  frame  image,  f001.bmp,  and  save  in  work  directory  as  f000.bmp  (title  frame) 

-  apply  appropriate  title  text  \af000.bmp  and  re-save  in  work  directory 

10.  Assemble  *.avi  digital  movie  (software:  AVI  Constructor  32  bit  Version  2.4,  ©  Michael  Caracena) 

-  select  “add  images”  and  open  appropriate  work  directory 

-  highlight  and  add  title  frame,  e.g.,  f000.bmp 

-  highlight  and  add  all  appropriate  cropped  frame  images  in  order,  e.g.,  fOOl ,  f002,  etc. 

-  set  title  frame  duration  to  30  flips  (default  is  1  flip/frame  for  all  other  cropped  frame  images) 

-  press  “256”  (color)  button  to  create  and  save  movie 

-  open  work  directory  and  enter  movie  filename,  e.g.,  r260.avi 
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2v 

A/A* 

AEDC 

Ca 

CFD 

Cl 

Ch 

Cp 

Cr 

Cu 

DLR 

DPG 

EBF 

ES 

Fe 

FPST 

FWHM 

H0 

He 

HEG 

He-Ne 

HI 

HSFV 

HVPG 

IAP 

ICCD 

K 

kHz 

LBT 

LDA 


Nomenclature 

Optical  frequency  doubler 

Test  facility  nozzle  area  ratio 

Arnold  Engineering  Development  Center 

Calcium 

Computational  fluid  dynamics 
Chlorine 

Heat-transfer  coefficient 
Pressure  coefficient 
Chromium 
Copper 

German  Research  Center 
Digital  pulse  generator 
Electron  beam  fluorescence 
Emission  spectroscopy 
Iron 

Free-Piston  Shock  Tunnel 
Spectral  full  width  at  half-maximum 
Reservoir  enthalpy 
Helium 

German  Free-Piston  Shock  Tube 
Helium-neon  laser 
Holographic  interferometry 
High-speed  flow  visualization 
High-voltage  pulse  generator 
Integrated  Applied  Physics,  Inc. 
Intensified  charge-coupled  device 
Potassium 
Kilohertz 

Laser  beam  transmission 
Laser  diode  absoiption 
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^scp 

Lu 

M 

N 

n(p) 

n(x) 

n2 

NATO 

NDL 

Ni 

NID 

NO 

No 

noo 

O 

02 

ONERA 

P0 

PI 

P3 

PEBF 

PEG 

PLIF 

PMIE 

PMT 

Pt2 

Poo 

qtOO 

Qa 

Rb/RbN03 

s 


Total  length  of  separated  region,  Fig.  9 

Separation  length  on  first  ramp,  Fig.  9 

Mach  mumber 

Atomic  nitrogen 

Particulate  number  density,  cnT3 

Number  density  of  gas  species  x,  cnT3 

Molecular  nitrogen 

North  Atlantic  Treaty  Organization 

North  Dancer  Laboratories,  Inc. 

Nickel 

Nonintrusive  Diagnostics 
Nitric  oxide 

Indicates  that  NID  technique  was  not  used 

Freestream  number  density 

Atomic  oxygen 

Molecular  oxygen 

French  Research  Center 

Reservoir  pressure,  MPa  or  atm 

Initial  shock  tube  pressure 

Model  nose  pressure 

Pulsed  electron  beam  fluorescence 

Pulsed  electron  gun 

Planar  laser-induced  fluorescence 

Planar  Mie  scattering 

Photomultiplier  tube 

Pitot  pressure  (total  pressure  behind  shock) 

Freestream  static  pressure 

Temperature  signal  from  stagnation  point  heat- transfer  gage 
Stagnation  point  heat  transfer 
Rubidium/Rubidium  Nitrate 
Distance  along  body  surface 
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SCR 

SEM 

Si 

ST6 

To 

T1 

Tr 

Ttr 

Tv 

Too 

u 

WEX 

WP 

x/r 

y/r 

Yes 

AT 

Pi 

h 

Po 

P/Pcl 

pL 

0 


Silicon-controlled  rectifier 
Scanning  electron  microscope 
Silicon 

Impulse  Facility  shock  tube  pressure  gage  6 

Reservoir  temperature 

Shock  tube  initial  gas  temperature 

Rotational  temperature 

Translational  temperature 

Vibrational  temperature 

Freestream  or  static  temperature 

Velocity,  m/sec 

Wavelength  extender 

Witness  plate 

Rectangular  coordinate  ratioed  to  model  nose  radius 

Rectangular  coordinate  ratioed  to  model  nose  radius 

Indicates  that  NID  technique  was  used 

Time  increment,  msec 

Absoiption  coefficient 

Wavelength 

Laser  wavelength 

Reservoir  density 

Ratio  of  flow  density  to  facility  centerline  flow  density 
Hypersonic  similarity  parameter 
Initial  ramp  angle 

Second  ramp  angle,  measured  w.r.t.  the  first,  Fig.  9 
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CFD  Codes 

CEVCATS-N 

GASP 

GIANTS 

GPACT 

LAURA 

LORAN 

NEDANA 

NEQAIR 

NOVAR 

NSHYP 

TUFF 


3D,  full  Navier-Stokes  solver  with  chemistry,  Ref.  27 

3D,  finite  volume  flow  solver,  Ref.  1 8 

CFD  flow  solver,  Ref.  1 7 

3D  flow  solver  with  finite-rate  chemistry,  Ref.  2 1 

CFD  flow  solver,  Ref.  1 7 

Simplified  radiation  solver,  Ref.  1 7 

3D,  locally  implicity  Navier-Stokes  solver,  Ref.  19 

Nonequilibrium  radiation  solver,  Ref.  16 

Simplified  radition  solver,  Ref.  1 7 

3D,  thin-layer  Navier-Stokes  solver,  Ref.  23 

3D,  thin-layer  Navier-Stokes  code,  Refs.  14  and  15 
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